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Introduction and purpose of the study 
Cerebrovascular disease and stroke have a high mortality and morbidity in 
Europe and the U.S.A.. Although the incidence has been falling for the past deca-
des it is the third most common cause of death after heart disease and cancer. It is 
the leading cause of long term disability and one third of the victims are younger 
than 65 years. The main cause of cerebrovascular disease is degenerative atheros-
clerotic plaque formation in the extra- and intracranial vessels. Cerebral infarcts 
are often the result of emboli arising from these plaques. However, if plaque for-
mation leads to severe stenosis, the cerebral circulation may become jeorpardized 
as well. Thrombo-embolic infarctions are frequent in the brain and they can thus 
be explained by emboli, haemodynamic alterations or a combination of both. 
Although slow progression of atherosclerosis allows for adaptations to maintain 
optimal cerebral perfusion, it is apparent from prospective measurements that a 
moment arrives when collateral compensation of cerebral blood flow is incom-
plete and signs arc likely to appear from any cause that additionally stresses the 
collateral circulation, including platelet emboli or temporary haemodynamic alte-
rations. 
As pointed out by Powers and Raichle (1985) in a review article concerning the 
pathophysiology of cerebrovascular disease, the following series of events take 
place as collateral circulation becomes insufficient. Local perfusion pressure is at 
first maintained by dilatation of precapillary resistance vessels. When compensa-
tory vasodilatation is maximal, this regulation mechanism fails and cerebral blood 
flow begins to decline. Local cerebral oxygen metabolism is then maintained by a 
progressive increase of oxygen extraction from the blood. Once the extraction 
becomes maximal, a further decrease in cerebral blood flow will result in disrup-
tion of normal cellular metabolism and function. 
Measurements of cerebral haemodynamics may be helpful in delineating rela-
tionships between reduced cerebral perfusion and increased risk for thrombo-
embolic strokes. Knowledge of the degree of vasodilatation of the precapillary 
resistance vessels in patients with occlusive vascular disease is one way to reveal 
information which could lead to a better insight in the pathophysiological mecha-
nisms leading to stroke. From a clinical point of view a non-invasive, simple and 
harmless method should be preferred to study the precapillary resistance vessels. 
Dilatation of these vessels can be quantified by estimating the vasomotor reacti-
vity (VMR). The VMR is defined as the difference between cerebral blood flow in 
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the steady state and cerebral blood flow measured during a physiological stimulus 
that influences the precapillary diameter. Carbon dioxide is a potent vasodilatator 
of the cerebral precapillary vessels and often used to estimate the vasomotor reac-
tivity. Under normal circumstances hypercapnia leads to an increase of cerebral 
blood flow, while in patients with occlusive vascular disease this response may be 
reduced or even abolished. 
With the development of transcranial Doppler sonography by Aaslid (1982) a 
new, non-invasive, method has become available in order to assess the blood flow 
velocities in the great basal intracranial arteries, including the circle of Willis. A 
combination of hypercapnia and transcranial Doppler velocity measurements in 
the middle cerebral artery provides the opportunity of studying the vasomotor 
reactivity in a non-invasive manner. It must be realized, however, that these stu-
dies do not estimate the change in cerebral blood flow itself, but an epiphenome-
non: the changes of blood flow velocities in the basal cerebral arteries. 
The aim of the present study is to define the value of the above mentioned trans-
cranial Doppler technique used to study the cerebral circulation in presumed 
healthy individuals and in patients with occlusive vascular disease. It attemps to 
elucidate the relationship between the patency of the extra - and intracranial circu-
lation and the cerebral vasomotor reactivity and furthermore to indicate how cli-
nical evaluation of this knowledge should take place. 
The thesis comprises a literature study (part I) concercing the anatomy of the col-
lateral circulation of the brain (chapter 1), the basic haemodynamics of the arterial 
system (chapter 2), the regulation of cerebral blood flow (chapter 3), the patho-
physiology of atherosclerosis of the extra- and intracranial circulation (chapter 4) 
and a chapter dealing with the transcranial Doppler approach of the cerebral cir-
culation (chapter 5). In part II the results of own investigations will be presented. 
In summary the following issues will be investigated and discussed: 
- The relationship between the changes in end-tidal carbon dioxide concentration 
and the changes in blood flow velocity during hypercapnia in presumed healthy 
individuals (chapter 7). 
- The reproducibility of the vasomotor reactivity measured by transcranial 
Doppler in response to hypercapnia in presumed healthy individuals (chapter 7). 
- The age dependency of the cerebral vasomotor reactivity in presumed healthy 
men (chapter 8). 
- The vasomotor reactivity in a group of presumed healthy persons with the same 
age range as a group of patients with uni- or bilateral occlusions of the internal 
carotid arteries (chapter 8). 
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- The relationship between cerebral vasomotor reactivity and the degree of steno-
sis in the internal carotid artery in patients with atherosclerotic disease (chapter 
9). 
- The relationship between cerebral vasomotor reactivity and anomalies in the 
circulation of Willis in patients with an unilateral occlusion of the internal caro-
tid artery (chapter 9). 
- The clinical significance of the cerebral vasomotor reactivity in a retrospective 
study of a selected group of patients (chapter 9). 
- The relationship between cerebral vasomotor reactivity and reversed and/or 
enhanced blood flow velocities in the basal arteries of the brain (chapter 10). 
- The relationship between cerebral perfusion pressure as measured with ocular 
pneumoplethysmography and cerebral vasomotor reactivity (chapter 11). 
The transcranial Doppler examinations have been carried out at the Department 
of Clinical Neurophysiology of the St. Antonius Hospital in Nieuwegein 
(Utrecht). Ocular pneumoplethysmography was performed at the Vascular Labo-
ratory of the Department of Surgery in the same hospital. 
Statistical analysis and figures were performed at the Department of Neurophy-
siology of the Institute of Neurology at the Catholic University of Nijmegen. 
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Part i : Literature 

CHAPTER 1 
Anatomy of the collateral circulation 
of the brain 
Introduction 
Fields (1972) defines collateral circulation as: "a term assigned to the subsidiary 
vascular channels, present throughout the circulatory network, which provide a 
secondary defence mechanism against failure of the primary blood vessels". A 
collateral system consists of stem arteries, which originate from a major primary 
artery, a midzone of connecting channels and re-entry arteries that supply the 
specific vascular bed. Anastomoses, another term used to indicate connections in 
an arterial vascular network, directly connect two primary blood vessels. The cli-
nical importance of adequate collaterals or anastomoses is well known: patients 
with a good collateral circulation are known to survive vascular occlusions of the 
cerebropetal vessels without neurological deficits in contrast to those with an ina-
dequate collateral circulation. Moniz (1927) introduced cerebral angiography 
which allows visualization of collaterals in vivo. Since quantitative measurements 
of the cerebral circulation were available, it was realized that angiographic 
demonstration of collaterals did not mean that these vessels function effectively 
(Jawad 1977, Powers 1985). The collateral circulation is a dynamic state and the 
collateral capacity may increase during gradually progressive stenosis in the pri-
mary arteries. However, controversies exist about the haemodynamic significance 
of this adaptation mechanism for the collateral network at the base of the brain 
(Moll 1984, Hillen 1986). 
Classification of the collateral circulation 
The major extra- and intracranial arteries supplying the brain are shown in figure 
1.1. The collateral circulation of the brain can be established at three levels: 
- The extracranial collaterals are connections between the subclavian, carotid 
and vertebral arteries outside the skull. 
- The extra- to intracranial collaterals are the connections between extracranial 
vessels and intracranial vessels. The main collateral of this type is the route via 
the ophthalmic artery. 
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- The intracranial anatomoses in the leptomeningeai structures: i.e. the elements 
of the circle of Willis and the collaterals between the large cerebral arteries. 
In early embryonic life several connections exist between the carotid and the ver-
tebrobasilar system. With the exception of the posterior communicating artery 
they rarely remain post natally. If they persist they can function as collaterals. A 
review of these persistent arteries was given by Lie (1968). 
Figure I.I. Diagram of the major extra - and intracranial arterial circulation to the brain (re-
print from Wylie E.J. and Ehrenfeld W.K., 1970, with permission). 
InnominaU1 art 
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The extracranial collateral circulation 
Anatomical and radiological studies reveal connections both on the same side and 
the opposite side of the neck between: 
a. the external carotid and vertebral arteries mainly via the occipital artery. 
b. the subclavian and vertebral arteries mainly via the thyroid axis and superior 
intercostal arteries. In case of occlusion of the innominate artery, the internal 
mammary arteries and intercostal arteries may serve as collaterals. 
с the external carotid and the subclavian arteries via the thyroid axis and supe­
rior intercostal arteries. 
No extracranial collaterals exist between the internal carotid artery and the other 
arteries in the neck because the internal carotid artery has its first branches intra-
cranially at the horizontal segment of the carotid syphon. 
The extra- to intracranial collateral circulation 
In the face a very complicated and extensive vascular network is located at the 
front of the anterior and middle fossa of the skull. Numerous foramina are situa­
ted in this area and from a vascular point of view the canalis caroticus, optic fora­
men, the superior orbital fissure and the foramen spinosum are the most impor­
tant. The main extra- to intracranial collaterals connect the external carotid artery 
and the intracranial part of the internal carotid artery. They can be listed as: 
a. The tympanic artery also called the marginal tentorial artery or inferior caver­
nous artery. This collateral vessel arises from the horizontal segment of the 
carotid syphon before the internal carotid artery penetrates the outer dura. It 
is connected to a branch of the internal maxillary artery. Its anatomy was stu­
died by Schnurer and Stattin (1963) as well as by Parkinson (1964). The artery 
is not visible on normal angiograms but may appear in the event of arteriove­
nous anomalies, meningeomas of the tentorium and in occlusive disease of the 
internal or external carotid arteries (Ciba and Kroger 1974). It may be confu­
sed with the trigeminal artery which arises from the same location. 
b. The receptaculi arteries, also called the lateral and posterior caverous arteries, 
are small ramifications of the internal carotid artery which supply the dura 
around the caverous sinus and the sella turcica. They anastomose with ramifi-
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cations from the middle meningeal artery but have minor importance as a col­
lateral. 
с The ophthalmic artery is the first major division of the internal carotid artery 
after it emerges from the caverous sinus. It has a diameter of 1.0 to 1.5 mm. It 
leaves the cranial cavity through the optic canal. It supplies the retina and 
most of the content of the orbit. Its course is reviewed by Gillilan (1961) and 
Hayreh (1962). All branches of the ophthalmic artery may anastomose with 
the external carotid artery. The first branch or lacrimal artery runs to the 
lacrimal gland in the lateral superior part of the orbit. Via temporal branches 
small connections runs towards the middle meningeal artery. The middle 
meningeal artery originates from the internal maxillary artery, a major branch 
of the external carotid artery. In rare cases the ophthalmic artery is small or 
absent and the blood supply to the orbit and retina is exclusively delivered 
through the middle meningeal artery. The anterior and posterior ethmoidal 
arteries are branches of the ophthalmic artery which run through small fora­
mina to the region of the dura around the lamina cribrosa and the crista galli. 
They have fine connections via nasal branches to the sphenopalatine artery 
but these anastomoses have no value as a collateral source. They also have 
small crossover connections to the contralateral side. 
The nasal, frontal and supraorbital arteries are terminal branches of the 
ophthalmic artery. They run to the medial and middle superior part of the 
orbit and anastomose with the angular branch of the facial artery and with 
numerous anastomoses towards the superficial temporal artery. 
The vertebrobasilar system is of minor importance in the extra- to intracranial 
collateral circulation. Only small dural branches of the vertebral arteries anasto­
mose with branches of the middle meningeal artery. 
The intracranial collateral circulation 
The intracranial collateral cerebral arteries are located in the pachy- and leptome­
ningeal structures. The collaterals in the pachymeningeal structures are the con­
nections between dural ramifications of the vertebral and carotid branches. As 
mentioned above, these ramifications crossover but are of minor importance as a 
potential collateral network. In man, the pachymeningeal system is completely 
separated from the leptomeningeal system. The leptomeningeal structures are the 
intracranial part of the internal carotid and basilar arteries, the circle of Willis and 
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the main cortical branches. In a strict sense, the anterior and posterior choroid 
arteries are also leptomeningeal branches. From the basal arteries of the brain per­
forating vessels supply the deep neuronal structures. Studies from Vander Eecken 
(1959) and De Reuck (1974) showed clearly that these perforating arteries have 
none or minor anastomoses. The main intracranial anastomoses are the communi­
cating arteries of the circle of Willis and the cortical leptomeningeal collaterals. 
The circle of Willis 
The circle of Willis consists of communications at the base of the brain between 
the internal carotid and basilar arteries and was at first described by Thomas Wil­
lis (1664). As shown in figure 1.2., it has an anterior part, which consists of the 
proximal part of the anterior cerebral arteries (A 1 segment) and the anterior com­
municating artery (ACoA) which crosses over. On both sides the posterior part 
consists of the proximal part of the posterior cerebral artery (P 1 segment) and the 
posterior communicating artery (PCoA). According to Perlmutter and Rhoton 
(1976) who studied 50 circles of Willis in situ with the aid of the microscope, the 
average length of the A 1 and ACoA segments were respectively 12.7 and 2.6 mm. 
The vessel outer diameters were respectively 2.6 and 1.5 mm. The average length 
of the Ρ 1 and PCoA segments were 7.0 and 12.6 mm. The vessel diameters were 
Figure 1.2. The cerebral arterial circle of Willis (reprint from Lang J. und Wachsmuth W., with 
permission). 
д 
/. ACoA 
2. A 1 segment 
3. MCA 
4. PCoA 
У PCA 
6. Ρ1 segment 
7. Basilar artery 
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respectively 2.6 and 1.3 mm. The diameters of the internal carotid and basilar arte­
ries were respectively 4.3 and 4.1 mm. This data is in concordance with an exten­
sive study of Lang and Wachsmuth (1979). 
The circle showes great variability in its configuration and no circle is exactly the 
same in studies of Fawcett (1905), Stopford (1916), Blackburn (1917), Fetterman 
(1941), Alpers (1959), Riggs and Rupp (1963), Battacharji (1965), Fisher (1965), 
McCormick (1969), Tulleken (1978), Saeki (1977) and Wollschlaeger and 
Wollschlaeger (1974). Comparison of these studies is difficult because not every 
study presents data concerning length and diameter. Moreover, some studies lack 
a definition of very small or "hypoplastic" arteries. Duplication or a plexiform 
communicating artery often occurred in the anterior part of the circle. In the pos­
terior part a "fetal" type of communicating artery could be observed in which the 
posterior cerebral artery is completely supplied by the carotid artery via a large-
posterior communicating artery. The A 1 segment was normal in 85 %. In 5 % 
one A 1 segment filled both ACA's. The ACoA was hypoplastic or absent in 
about 10 %. Duplication, triplication or a plexiform ACoA segment was seen in 
40 %. The Ρ 1 segment was normal in 30 % to 65 %. Hypoplastic or absent PCoA 
segments occurred in 1 % to 20 %. Fetal types were observed in 10 % to 22 %. 
Perlmutter (1976) noted an increased size of the ACoA diameter as the difference 
between the diameters in the A 1 segments increased. This is in accordance with a 
study of Hillen (1986) who showed that the vessel diameters of the communica­
ting arteries of the circle of Willis represent the hacmodynamical balance between 
the supplying carotid and basilar arteries. 
The leptomeningeal collateral circulation 
Each hemisphere is supplied by three arteries: the anterior, middle and posterior 
cerebral arteries. The proximal parts of the anterior and posterior cerebral arteries 
are discussed above. With respect to the extent of its territory the middle cerebral 
artery (MCA) is the most important of these vessels. According to Jain (1964) it 
has a diameter of 3.0 to 5.0 mm. The most common pattern of initial branching is 
bi- or trifurcation. In the other instances branching by tetra- or pentafurcation 
was observed. Mitterwallner (1955) observed in 360 brains a minor asymmetry in 
diameter of the middle cerebral artery in 20 % and only once a major asymmetry. 
A hypoplastic or absent MCA is extremely rare. According to an angiographical 
study of 4402 carotid arteries by Gabrielsen and Greitz (1970), the diameter of the 
middle cerebral artery has a slight tendency to increase with advancing age. This 
tendency is well known from other investigations (Scheel 1908, Orlandini 1970, 
Toda 1980). Vander Eecken (1959) describes the course of the main arteries 
through their irrigation area in detail. For the greater part these arteries are located 
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in the depth of the sulci of the cerebral cortex. Sometimes they emerge for a small 
distance at the surface of a gyrus, but in the majority of cases this is only to take 
the shortest possible route from one sulcus to the next. Throughout their course, 
they give off small branches which freely ramify over the cortex not only towards 
the branches of their own cerebral mainstem but also towards the branches of 
other cerebral arteries. They merely form side to side anastomoses at the border of 
more or less circumscript irrigation areas. The deep arterial border zones are loca-
ted in the ventricular wall or in the subependymal structures (De Reuck 1974). 
The border zone between the cerebral arteries are especially susceptible for 
infarcts during haemodynamic failure (so-called watershed infarcts). 
The persistent carotid-vertebrobasilar anastomoses 
As pointed out previously, various anastomoses occur between the carotid and 
vertebrobasilar system during embryological development. With the exception of 
the posterior communicating artery, they all regress during fetal life. The persis-
tent anastomoses are remnants of embryonic cervical arteries and are named after 
their location, accompanying vessels or cranial nerve. The trigeminal artery is the 
most common of these vessels and found on cerebral angiography in up to 0.2 % 
of the cases (Krayenbuhl 1965). It originates from the carotid artery near or inside 
the cavernous sinus and runs to the basilar artery intradurally or sometimes extra-
durally. Due to the persistence of the trigeminal artery which causes a decrease in 
blood flow through the ipsilateral posterior communicating artery, it is supposed 
that the latter becomes hypoplastic as well as the portion of the basilar artery cau-
dal to the point of junction with the trigeminal artery. In those cases this anasto-
mosis will serve as a main connection between the carotid artery and the posterior 
cerebral arteries. 
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CHAPTER 2 
Basic haemodynamics of the arterial system 
Introduction 
The blood flow is driven by the gravitational force and by the pressure gradient. 
The pressure gradient is the rate of change of pressure with distance. Pressure 
itself does not cause the blood to move; the pressure gradient does. The forces 
that oppose blood flow are shear stresses due to viscosity of the blood and turbu-
lence. To understand the haemodynamic properties of the blood flow, the blood 
stream can be seen as a scries of concentric laminae. While the velocity within each 
lamina remains constant, the velocity is lowest adjacent to the vessel wall and 
increases towards the centre. This results in a laminar flow pattern with a para-
bolic shaped velocity profile. If the laminar flow pattern is lost the flow becomes 
turbulent which means that variations in pressure and velocity occur at random. 
These pressure variations can excite the vessel wall which can be heard as a bruit as 
the vibrations are often within the audible range. 
Atherosclerosis can lead to obstruction and disruption of the vessel wall. These 
abnormalities may result in an increased pressure drop along the arterial system. If 
the pressure drop is within certain limits, the blood flow to the tissue will be war-
ranted by a decrease of the resistance of the run-off bed or an increased systemic 
arterial pressure. By means of the Doppler principle, the haemodynamic altera-
tions along the arterial system can be quantified. Tight stenosis will result in 
enhanced blood flow velocities at the site of the narrowing and provoke someti-
mes post-stenotic turbulence. Consequently, spectral analysis of the velocity wave 
form allows for the classification of the severity of the obstruction (Blackshear 
1979, Knox 1982). This chapter highlights the basic haemodynamic principles and 
features of the cerebral circulation necessary to understand transcranial Doppler 
studies. These haemodynamic principles are excellently reviewed by Strandness 
(1975), Mc Donald (1974), Rutherford (1977), Spencer (1987) and Fung (1988). 
Energy exchanges 
Fluid energy is the sum of the potential and the kinetic energy of the blood. Dif-
ferences in fluid energy makes the blood flow. The potential energy is composed 
of a component due to internal pressure of the vascular system and one due to the 
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gravitational force. The former is built up by the contraction of the heart and the 
elasticity of the arterial walls. The vessel wall absorbes energy during systole 
which is released during the diastole. The kinetic energy is the energy related to 
the blood flow velocity. The total fluid energy is can therefore be expressed as: 
E = P + p . g ' h + 1 / 2 · ρ · ν 2 . 
E = total fluid energy 
Ρ = internal pressure energy 
ρ = density of the fluid 
g = acceleration due to gravity 
h = distance above a reference level 
V = velocity of the fluid 
Resistance arises from viscous losses of the blood by friction between incon-
tiguous layers and the vessel wall. Turbulence greatly increases the resistance to 
flow and the forces acting on the vessel wall. Resistance is inversely related with 
the 4 th power of the internal radius of the artery and linear with the length of the 
arterial segment. As stated by the law of Poiseuille the drop of enery can be 
expressed as: 
Δ Ρ = Q . 8 « v . l / 7 7 T 4 
Δ Ρ = drop of potential energy 
Q = flow 
ν = coefficient of viscosity 
1 = length of the tube 
r = diameter of the tube 
Poiseuille's law applies only to steady nonpulsatile laminar flow in a straight tube 
filled with a fluid, whose viscosity is not influenced by the fluid velocity. Blood, 
however, is not such a fluid because its viscosity is influenced by the axial migra­
tion of red blood cells during high blood flow velocities. Moreover, blood has a 
pulsatile flow. This means that the energy losses predicted by Poiseuille's law 
always underestimate the real energy losses and can only be used to predict the 
minimal energy losses (Byard 1965). 
The blood flow at different sites of the arterial tree is rather complex. It is influen­
ced by the changes in vessel wall diameter, elastic properties of the vessel wall, the 
numerous branch points and the changes in blood viscosity. For instance in the 
large arteries like the aorta, the calibre reductions hardly affects the flow. In this 
large artery the blood flow is greatly influenced by the vessel wall energy exchan-
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ges and the high flow velocity of the blood mass. The capillary blood flow, on the 
other hand, is determined mainly by the increased blood viscosity. The latter is 
due to the aggregation of erythrocytes and the fact that the capillary diameter is 
very close to the diameter of the blood cells. Minimal diameter reductions of the 
numerous precapillaries significantly alter the blood flow. The vessel wall energy 
exchanges hardly influence the capillary blood flow. 
Haemodynamics of arterial stenosis 
An arterial stenosis is a segmental narrowing along the axis of the vessel. If the ste-
nosis results in a significant pressure drop along the vessel it is called a critical ste-
nosis (Berguer 1974). However, some authors mention other parameters as hae-
modynamically significant e.g. the production of turbulence or the reduction in 
tissue perfusion. The pressure drop across the stenosis is not only dependent on 
the reduction in diameter at the site of the stenosis, but also on the resistance of 
the run-off bed (May 1963). The same degree of stenosis will give a significant 
pressure drop if the peripheral resistance is low, while the pressure drop would be 
less pronounced in case of a high peripheral resistance (Fiddian 1964). Minor 
internal carotid artery stenosis will result in a significant pressure drop if the 
blood flow velocity is high. The blood flow velocity is high when the tendency to 
an increased pressure gradient is not counterbalanced by a collateral circulation. 
This means that moderate ICA lumen reductions on angiograms may have high 
flow states if the collateral circulation is inadequate. In these cases the Doppler 
ultrasound studies will indicate increased blood flow velocities. The Doppler exa-
minations overestimate the anatomical narrowing, but accurately diagnose the 
haemodynamic consequences of the ICA stenosis. 
Haemodynamics of the carotid and vertebral arteries 
Flow in the carotid and vertebral arteries is primarily determined by a low peri-
pheral cerebral resistance. The result is a permanent forward flow in these vessels 
during both systole and diastole. Karino (1986) studied flow patterns in human 
isolated transparant natural arteries perfused with a steady flow. At the carotid 
bifurcation, a re-circulation zone is observed with a double counter helicoidal 
flow symmetrically located on either side of the common median plane. No flow 
disturbances were found at the Y junction of the basilar and both vertebral arte-
ries. 
Normal flow velocities in the carotid arteries range from 60 cm/s during the 
systole to 20 cm/s during the diastole (Spencer 1987). Each carotid artery carries 
about 350 ml/min while the basilar artery supplies about 300 ml/min (Meyer 
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1983). The pressure in the intracranial part of these arteries is very close to the 
systemic arterial blood pressure. In severe ICA stenosis the peak flow velocities 
may be as high as 500 cm/s. De Weese and coworkers (1970) measured pressures 
proximally and distally to atherosclerotic plaques and found a critical stenosis at 
63 % lumen diameter reduction. This is in accordance with Eikelboom (1981) 
who found a significant arterial pressure drop by ocular pneumoplethysmogra-
phy ¡psilateral to an internal carotid artery stenosis of 65 % or more. Archie 
(1981), however, reported critical carotid stenosis at diameter reductions of more 
than 75 %. Reduced ophthalmic artery pressure due to ICA stenosis, results in a 
reversed flow direction in the frontal artery (Strik 1984). Thus Doppler examina-
tion of the peri-orbital arteries adds valuable haemodynamic information in caro-
tid artery disease (Sillesen 1987). 
Haemodynamics of the basal cerebral arteries 
Flow studies with isolated blood vessels show highly complex turbulent flow pat-
terns at all branches of the circle of Willis. In the anterior communicating artery a 
counter-rotating circulation was observed with no side to side shunting (Karino 
1986). Angiographic studies suggest a similar "zero flow" zone at the site of the 
anterior communicating artery (Sedzimir 1959). Rodgers (1947) and Mc Donald 
(1951) presumed also a "zero flow zone" in the posterior communicating arteries 
under normal conditions. Mathematical models of the Willis circulation, how-
ever, do not favor these observations. Minor differences in blood pressure in the 
cerebral arteries immediately result in a compensatory circulation via the commu-
nicating arteries (Hillen 1986). 
In a resting individual, the mean arterial pressure in the middle cerebral artery 
(MCA) is very close to the mean arterial pressure in the radial artery (Bakey 
1952). The MCA perfusion pressure is strongly related to the MCA blood flow 
velocity (Schneider 1988). Mean blood flow velocities in the carotid and vertebro-
basilar territory are not the same. In the basilar and posterior cerebral arteries the 
blood flow velocity range from 30 cm/s to 50 cm/s, in the anterior cerebral artery 
from 40 cm/s to 60 cm/s and in the middle cerebral artery from 50 cm/s to 70 cm/s 
(Lindgaard 1985, Harders 1985). 
Occlusions in the extracranial arteries which decrease the cerebral perfusion con-
sequently reduce the cerebral blood flow velocity (Bishop 1986). Moreover, the 
blood flow velocity wave form is altered. Normally the velocity wave form is 
almost rectangular because of the instantaneous systolic acceleration rate. In 
patients with common carotid artery or innominate artery occlusion a decreased 
acceleration rate was found resulting in an equilateral triangle blood flow velocity 
or damped wave form (Halsey 1988, Rautenberg 1988). At stenosed segments of 
the middle cerebral artery, steep rises in flow velocity are observed of up to 
160 cm/s. Concomitantly high flow states occur in the ipsilateral anterior cerebral 
18 
artery indicating compensatory flow over the leptomeningeal anastomoses 
between the two borderzones (Mattlc 1988). 
Haemodynamics of the cerebral run-off bed 
The cerebral run-off bed consists of the precapillary and capillary vessels, the 
cerebral venules and venes, the bridging venes and the venous sinuses. The pre­
capillary bed can alter the resistance by only minor adjustments in vessel calibre. 
This mechanism is used to regulate the blood flow in the event of transient or per­
sistent haemodynamical alterations. The capacity of the cerebral precapillaries to 
regulate the СВР can be quantified and is a major subject in the next chapters. 
The intracranial pressure (ICP) is normally very low and hardly have any 
influence on the cerebral perfusion pressure (CPP). The bridging venes have soft 
walls and collaps when the intracranial pressure rises. In conditions with raised 
intracranial pressure, the systemic arterial blood pressure increases to warrant 
cerebral perfusion (Gushing 1902). But if the ICP further increases, it can exceed 
the mean arterial blood pressure (MAP) and arrest the cerebral blood flow (CPP 
= M A P - I C P ) . 
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CHAPTER 3 
The regulation of cerebral blood flow 
Introduction 
Cerebral blood flow (CBF) refers to volume flow of blood to brain tissue and is 
defined in ml/min/100 gr perfused tissue. The mean CBF is about 50 to 60 ml/ 
min/100 gr. It represents a flow of about 800 to 1100 ml/min of blood through the 
brain as a whole, being 15 % to 20 % of the entire cardiac output (Meyer 1983). 
There is a close relation between the metabolic demand of the tissue and the 
amount of cerebral blood flow. Methods for simultaneously measuring regional 
CBF and cerebral metabolism in vivo have been developed based on positron 
emmission tomography (PET). These studies have clearly shown the regional 
coupling between flow and metabolism during different sensomotoric perfor­
mances (Ingvar 1971, Lassen 1977). Under physiological conditions, increases in 
metabolism cause arteriolar dilatation and increased CBF in the metabolic active 
areas and vice versa. 
The term "regional cerebral blood flow" (rCBF) covers the distribution of cere­
bral blood flow to different parts of the brain. The perfusion within the grey mat­
ter is much higher compared to the white matter. This phenomenon reflects the 
greater metabolic activity of the grey matter. When the cerebral metabolic activity 
decreases, a subsequent reduction in CBF is the result. The age related decline in 
CBF is usually attributed to this coupling (Naritoni 1979). 
Control of rCBF is mainly effectuated by influencing the vessel diameter of the 
arterial network. As pointed out by Mchcdlishvilli (1980), different parts of the 
arterial network respond to different stimuli which may provoke an alteration of 
CBF. The CBF response evoked by variations in systemic blood pressure is pre­
dominantly regulated by large pial vessels, although the major extracranial arteries 
to the brain adjust their calibre as well, to provide a constant CBF (Mchcdlishvilli 
1973). The alterations in CBF induced by changes in arterial рОг and pCO ι (che­
mical response), which will be discussed below, are mainly controlled by the 
smaller pial arteries, the socalled cerebral precapillaries. The major cerebral arte­
ries play no role and their diameter remains almost constant during chemically 
induced changes in CBF (Huber 1965). 
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Because of the active control of the regional cerebral blood flow, the total amount 
of cerebral blood volume (CBV) can change during the regulation of the CBR 
Under pathological conditions the increase in CBV may induce an increased 
intracranial pressure (ICP). Normally, however, the ICP is very low and does not 
interfere with cerebral blood flow. The CBF depends on the cerebral perfusion 
pressure (CPP), defined as the difference between the mean arterial blood pres-
sure (MAP) and the ICP. In the event of an increased ICP, the CPP may become 
jeopardized as a consequence of an increased CBV or cerebral edema or both. 
The earliest observations of the dynamic aspects of the cerebral vessels date back 
to the nineteenth century: the Dutchman Franciscus Donders (1851) observed 
pial vessels in living animals through a sealed glass window and noted that as-
phyxia caused vascular dilatation. Roy and Sherrington (1890) postulated that the 
chemical products of cerebral metabolism can cause variations of the calibre of the 
vessels and concluded: "in this re-action the brain possesses an intrinsic mecha-
nism by which its vascular supply can be varied locally in correspondance with 
local variations of functional activity". The first concept of a vasomotor control 
primarily determined by the blood pressure was suggested from studies by Fog 
(1937) and Forbes (1938) who observed changes in pial vessels in response to 
changes in perfusion pressure. Lassen (1959) established the concept of cerebral 
autoregulation as the constancy of CBF within certain systemic blood pressure 
limits. 
The cerebral autoregulation 
The definition of cerebral autoregulation needs to be adressed here. It is essen-
tially a semantic problem. The need to regulate blood flow is primarily to adjust 
blood flow to the regional metabolic demands. The mechanism behind this coup-
ling remains obscure. It is known that it is mediated by humoral and neuronal 
influences and the coupling is an intrinsic property of the brain. Therefore, the 
coupling can semantically be called cerebral autoregulation. The latter termino-
logy is for historical reasons, however, restricted to Lassen's concept. To avoid 
misunderstandings cerebral autoregulation is restricted to Lassen's definition and, 
for instance, adaptations of the CBF to alterations of the cerebral metabolism are 
regarded as a phemonenon of "cerebral blood flow regulation". Generally this 
regulation is studied by four types of stimulation: 
- Chemical stimulation: the response to changes in arterial carbon dioxide and 
oxygen partial pressure as well as the effect of vasoactive agents on the cerebral 
precapillaries. 
- Mechanical stimulation: the response to altered arterial or venous perfusion 
pressures. 
22 
- Nerve Stimulation: the response to nerve impulse trains which directly alter 
the activity of the perivascular neuronal plexus. 
- Metabolic or neuronal stimulation : the response to alterations in the brain 
metabolism, as for example provoked by sensomotoric activities. 
The first quatitative data of cerebral blood flow was obtained by Kety and 
Schmidt in 1943. They used nitrousoxide inhalation technique and sampled arte­
rial and jugular venous blood to obtain an impression of the cerebral blood flow 
(Kety and Schmidt 1948). Since then several studies of cerebral blood flow and 
cerebral blood flow regulation have been performed. Regulation of CBF is often 
studied by estimating the vasomotor reactivity. In these studies, the vasomotor 
reactivity is defined as the difference between the CBF at rest and the CBF during 
a physiological stimulus which enhances or decreases the flow. 
Knowledge of the cerebral blood flow regulation is essential to the understanding 
of the sequela following cerebral vascular accidents. It is important to realize that 
what applies to the normal brain, may not be true for the damaged nervous tissue. 
Under these circumstances, the pressure responses may be disturbed, while the 
CO2 induced regulatory responses may be normal or vice versa (Enevoldsen 
1978). Moreover, the coupling of flow and metabolism may be lost, resulting in 
luxury perfusion or misery perfusion syndromes. The luxury perfusion syndrome 
was established by Lassen (1966) and represents hyperperfused brain tissue in 
areas with low metabolic demand due to an ischaemic cerebral insult. Hyperper-
fusion syndromes may also occur after carotid endarterectomies of high grade 
internal carotid artery stenosis. In these areas a so-called "hyperperfusion 
breakthrough" phenomenon may clinically lead to headache, fits or neurological 
deficits due to secondary haemorrhages (Sundt 1981, Piepgras 1988). Misery per­
fusion relates to a reduced rCBF in case of a normal metabolic demand (Baron 
1981). In those areas an increased oxygen extraction rate (OER) is observed, as 
well as a shift from aerobic to anaerobic oxidation of glucose as ultimate mecha-
misms to prevent ischaemic damage. The latter mcchamism, however, results in 
lactic tissue acidosis enhancing the risk of cell death due to hypoxia (Plum 1982). 
The influence of arterial p 0 2 and рСОг on the cerebral blood flow 
The cerebral blood flow is independent of the oxygen tension over a wide range. 
However, in case of hypoxia the cerebral blood flow increases impressively. E.g. 
at а рОг of 30 mmHg, CBF is more than doubled. Hyperoxyia, in contrast, only 
results in a modest vasoconstriction (Kontos 1978). Breathing 100 % O2, for 
instance, reduces the CBF by about 10 % (Meyer 1983). The effect of the arterial 
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рОг on the CBF is believed to be an indirect phenomenon, mediated by changes 
in neuronal tissue рОг and secondary release of vasodilatator metabolites. 
The response of the precapillary bed to changes in carbon dioxide is more sensiti­
ve. CO2 is a potent vasodilatator of these vessels and hypercapnia results in a mar­
ked increase of cerebral blood flow. Under physiological conditions (over a range 
from 20 to 60 mmHg) the response of CBF to changes in arterial рСОг is essenti­
ally linear (Reivich 1964). A remarkable different type of action exists between the 
CO2 administered systemically and locally. In extracranial vessels systemic ad­
ministration of CO2 (hypercapnia) leads to vasoconstriction and a reduced flow 
while local administration of CO2 produces vasodilatation (Price 1960). A similar 
discrepancy was observed by Shalit and co-workers (1967a) when the cerebral 
arteries were directly, and not systemically, perfused with carbon dioxide. They 
noted a vasoconstrictive response during local administration of CO2, suggesting 
that the "systemical effect" (vasodilatation) is a central mediated effect. In a subse­
quent report they noted a loss of CO2 induced vasomotor reaction in animals with 
high brain stem lesions. They concluded that the central mechanisms which 
mediate the established CO2 vasodilatator response of the precapillary vessels are 
located in the brain stem (Shalit 1967b). These observations arc in accordance with 
the results of Enevoldsen (1978) who found an abolished CO2 vasomotor re­
sponse in patients with a severe brain stem lesion. 
Other factors influence the actual vasomotor response. Amongst them is the buf­
fer capacity of the brain extracellular fluid to carbon dioxide. A reduction in the 
bicarbonate concentration of this fluid as seen in respiratory alkalosis or metabo­
lic acidosis will alter the vasomotor response. Counteracting mechanisms which 
influence the vasomotor control can be observed during profound changes in 
arterial рСОг. Extreme hypocapnia, for instance, will result in low cerebral flow 
states and subsequent metabolic acidosis. This lactic acidosis will counteract the 
vasoconstrictor response therebye resulting in a reactive vasodilatation. 
The relation between hypercapnia and cerebral blood flow is pressure dependent. 
In hypotensive animals, Harper (1965) showed a decreased CO2 induced vasomo­
tor reactivity compared to normotensive animals. Ackerman (1973) showed a 
dependency of the CO2 vasomotor response to the mean resting cerebral blood 
flow and mean arterial tension. The ratio of these parameters is the conductance 
or the reciprocal of the cerebral resistance. Thus Ackerman's findings implies a 
dependency of the CO2 reactivity to the basal tone of the cerebral vascular bed. It 
must be realized that dilatation, provoked by CO2, of the precapillary bed results 
in a reduction of perfusion pressure in order to maintain a constant flow. This res­
ponse reduces and ultimately eliminates the capacity of the resistance vessels to 
dilatate further in response to a change in systemic arterial pressure (Aaslid 1989). 
As pointed out by Edvinsson (1977), the CO2 response is more marked in the 
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metabolic active grey matter than in the relatively low metabolic areas of the white 
matter. Fujishima (1971) reported that the vasomotor reactivity was directly rela­
ted to the cerebral metabolic rate of oxygen, a statement that supports Edvins-
son's studies. The relationship between the arterial рСОг and the pulmonary ven­
tilation rate is well established. The ventilation rate is controlled by the hydrogen 
ion concentration (pH) in the cerebrospinal fluid (CSF) surrounding a small che-
mosensitive respiratory area on the surface of the fourth ventricle. The pH is 
highly dependent on the HCO)/ рССЬ ratio, being mainly influenced by the 
arterial CO2 which rapidly diffuses into the CSF. 
The underlying mechanism of the vasomotor response to alterations in arterial 
рОг and рСОг seems to be multifactorial. Research focuses on those vasoactive 
substances which are released during the change of arterial gas tensions. Many 
investigations studied the changes in the cellular potassium and hydrogen concen­
trations while other studies focused on changes in adenosine and prostacyclin. 
This intensive research results upto now in the conclusion that no single mecha­
nism can explain the chemical regulation of blood flow. 
The response of the cerebral vessels to hypocapnia is used as therapy in the treat­
ment of raised intracranial pressure. Hypocapnia results in marked vasoconstric­
tion, a reduction in cerebral blood flow and volume. This reduction in volume 
leads to a reduced intracranial pressure. 
The influence of systemic blood pressure variations on cerebral blood flow 
As mentioned earlier: the constancy of cerebral blood flow over a wide range of 
arterial pressures was at first established by Lassen (1959). The upper limit of this 
response was defined by Symon (1973). The limits range from 50 to 150 mmHg. 
These limits are valid under normocapnic and normotensive conditions. In hyper-
capnia there is a shift upwards and vice versa (Paulson 1972). In chronic hyperten­
sive baboons the limits shift to higher levels as well (Strandgaard 1975). Vigo­
rously antihypertensive treatment, therefore, may result in cerebral ischaemia in 
patients with longstanding hypertension (Strandgaard 1976). Longstanding cere­
bral hypotension due to occlusive vascular disease could theoretically lead to a 
shift to lower limits. Restoration of flow in these patients may, therefore, result in 
hyperperfusion syndromes (Sundt 1981, Piepgras 1988). 
The pressure regulation response can also be provoked by an increase of venous 
or intracranial pressure. The pressure regulation of CBF can be disturbed by a 
wide variety of cerebral diseases and it seems to be much more easily disturbed 
than the responsiveness of the vessels to CO2. The close relationship of the sys-
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temic arterial pressure and the CO2 vasomotor response has been already mentio-
ned in the previous subchapter. 
The mechanism behind the pressure regulation is obscure. Bayliss (1902) propo-
sed that vascular smooth muscle has the intrinsic property of contracting when 
the intraluminar pressure is raised. This leads to the concept of the myogenic 
hypothesis, still a controversial issue. Other postulates for the pressure related 
autoregulation are neurogenic and metabolic influences on the vascular bed. 
The influence of the perivascular neuronal plexus on cerebral blood flow 
Blood vessels at the base of the brain and in the cerebral tissue are surrounded by 
a plexus of small nerve fibres. These plexuses can be categorized according to the 
neurotransmitters they contain. Most of the plexuses originate outside the skull in 
the sympathie or parasympathic ganglia, although there is some evidence that the 
neurovasculature might orginate from intracerebral neurotransmitter systems as 
well (Edvisson 1973). 
Most of the studies of the distribution and function of these plexuses have been 
performed in animal studies. The localisation of the nerve plexuses throughout 
the vascular tree differs greatly between the several groups of neurotransmitters. 
For instance, noradrenergic fibres mainly form a well developed plexus around 
the arteries and venes at the base of the brain and the major cerebral arteries while 
the microvasculature is less densely packed or devoid of these nerve fibres (Niel-
sen 1967). In contrast, parasympathic cholinergic innervation is not exclusively 
found around the vessels at the base of the brain but also around the arterioles and 
capillaries (Duckies 1981). The physiological role of the cholinergic and several 
other neurotransmitter systems in the regulation of cerebral blood flow has yet to 
be determined. The function of the sympathie noradrenergic system, however, is 
well established. It acts as a buffer system that prevents an excessive response to 
circulating catecholamines (Wurtman 1965). The integrity of this system is lost in 
ischacmia and acidosis (Navari 1978). Acute hypertension induces a constriction 
of the precapillary vessels to protect the fine capillaries. Animal studies show an 
abolishment of this response after cervical ganglion excision (Sadoshima 1981). 
The function of the neurogenic control mainly influences the pressure evoked re-
sponse and not the chemical evoked response. 
The cerebral metabolism and blood flow 
The brain is completely dependent for its baseline metabolism on adequate oxy-
gen supply from the blood. Therefore, a complex system tightly couples cerebral 
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metabolism and blood flow (Ingvar 1971). The brain depends for its energy sup-
ply on the oxidation of glucose which releases energy to convert adinosine 
diphosphate (ADP) into the energy rich adinosine triphosphate (ATP). The oxi-
dative metabolism is located in the mitochondria (Siesjo 1978). If the mitochon-
drial function is optimal the cellular environment is chemically well balanced. 
Insufficient production of ATP, however, leads to cellular acidosis which impairs 
further cell functioning. At the level of the membrane this induces electrolyte 
exchange and release of vasoactive substances. Adinosine, potassium, carbon di-
oxide, hydrogen ions and many other factors play a role in a complex mechanism 
which results in a localized hyperaemia and an increase in energy supply. If these 
mechanisms fail, the brain tissue can extract more oxygen from the blood as a last 
mechanism to prevent irreversible brain ischaemia (Baron 1981, Gibbs 1984). 
The metabolic changes due to a cerebral ischaemia occur not only at the area of the 
cerebral insult itself, but also at larger distances from the initial lesion. Von Mona-
kow postulated this idea of the socalled cerebral diaschisis in 1914 on clinical 
grounds. The diaschisis results in abnormal CBF as well as an abnormal vasomo-
tor response (Takano 1988). It is best explained by interruption of the input from 
afferent or efferent fiber pathways by the infarction. 
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CHAPTER 4 
Atherosclerosis of the extracranial and 
intracranial circulation 
Introduction 
Atherosclerosis is a noninflammatory, progressive multivessel disease, which is 
characterized by the formation of atheromata in the medium and large arteries 
(Robbins 1974). The basic lesion - the atheroma - consists of a proliferation of 
myointimal cells, a raised focal fibrofatty plaque within the intima having a core 
of lipids, and a covering fibrous cap. The disease starts almost at birth but the 
atheromas are formed in the second and third decade. At first they are distributed 
sparcely but as the disease advances they become more and more numerous, 
sometimes covering the whole intimai surface of the affected arteries. As the pla-
ques increase in size by accumulating lipids and fibrous scars, they progressively 
encroach on the lumen of the artery as well as the subjacent media. Consequently, 
atheromas compromise arterial blood flow and weaken affected arteries, resulting 
in aneurysms. Generally, after the third decade many atheromas undergo a variety 
of complications - e.g. calcifications, internal haemorrhages, ulceration through 
the endothelial surface with discharges of embolic debris into the blood stream 
and overlying thrombus formation on the surface of the ulcerated plaque. 
In the last decades there is an increasing knowledge of the mechamisms leading to 
atherosclerosis. Main pathological features amongst them are disturbed choleste-
rol mechanism and myointimal cell proliferation. The signs and symptoms of 
atherosclerotic strokes do not differ from strokes by other causes. The clinical fea-
tures merely reflect localization and extent of the stroke than its cause. Establish-
ed risk factors include hypertension, diabetes mellitus, a changed pattern of blood 
lipids, a high haematocrit, smoking, obesity, race and physical activity (Schoen-
berg 1988). Women suffer less than men and are particularly protected prior to the 
menopause. Virtually all men and women have some atherosclerosis in their old 
ages. The main cause of death in patients experiencing strokes is myocardial 
infarction due to atherosclerosis of the coronary arteries. 
Atherosclerosis in the extra- and intracranial vessels has the same general features 
as elsewhere in the body with prcdeliction sites at the orgin, bi- and trifurcations 
and curves of the vessels (Samuel 1956). However, some particular characteristics 
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exist in the intracranial vessels. For instance the cavernous part of the internal 
carotid artery very often shows a high degree of calcifications without significant 
obstruction of the lumen (Fisher 1965). Another particular fact is the low fre-
quency of ulcerations in the vertebral arterial system compared to the carotid 
bifurcation (Schwartz 1961). In the carotid territory the majority of the lesions arc 
found at the origin of the internal carotid artery and the carotid syphon. The orgin 
of the common carotid artery is also often encountered in the process but the dis-
tal part is often free of atheroma (Castaignc 1970, Fisher 1965, Hutchinson 1957). 
In the vertebrobasilar territory the majority of the lesions are located at the orgin 
of the vertebral arteries, the junction of these arteries into the basilar artery and 
this artery itself (Hutchinson 1956). The proximal parts of the cerebral arteries are 
also predeliction sites of atherosclerosis. In the posterior cerebral arteries the 
lesions occur less frequently compared to the middle cerebral arteries (Baker 
1959). 
Occlusions in the carotid arterial system occur mainly in the internal carotid 
artery and often extend over the length of the whole vessel up to the first major 
branch, the opthalmic artery. Sometimes the common and external carotid arte-
ries are involved in this process as well. The common carotid artery is unfre-
quently selectively occluded. In these instances retrograde flow from the external 
artery fills the internal carotid artery, although, in frequently, retrograde flow 
from the internal carotid artery into the external carotid artery can be observed. 
A thrombus within the extracranial vertebral artery seldom forms a long ante-
grade or retrograde extension due to the multiple branches (Castaignc 1973). 
Thrombus formed within the intracranial vertebral artery, however, frequently 
extends into the proximal basilar artery (Bauer 1962, Stein 1961, Ueda 1979). 
Occlusions of the middle cerebral artery or its major branches usually are embolic 
in orgin and occlusions from atherosclerosis is relatively infrequent (Lhermitte 
1970). Occlusions of the penetrating arteries arc often located at the basal ganglia 
and the brain stem. These so-called lacunar infarcts are mostly not related to the 
formation of atheroma but are the result of arterial sclerosis and hyalinization in 
patients with hypertension (Mohr 1982). 
Pathogenesis of atherosclerosis 
The cause of atherosclerosis is unknown. The literature is abundant and contra-
dictory. No single theory adequately copes with the established epidemiological 
data. According to Yatsu (1986) two main theories emerged to dominate the 
research field: the lipid and the injury-healing theory. The former emphasizes the 
role of the lipids, particularly cholesterol esters, in the formation of atheromas. 
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The latter stresses the role of endothelial damage that triggers an exaggerated pro-
liferative response of myointimal cells from the arterial media. 
Cholesterol plays an important role in the regulation of body functions: it is the 
basic structure for steroids and hormones. Furthermore, it is needed for bile 
detergents to absorb dietary fat. The body demands are satisfied by dietary intake, 
reabsorption of bile (enterohepatic cycle) and synthesis in the liver. It is delivered 
to all tissues of the body and largely excreted as bile. Not only cholesterol but also 
other types of lipids can be endogenously produced in the body. Furthermore, the 
body converts during superfluid intake carbohydrates and proteins to lipids and 
stores them in the adipose tissue. The lipids in plasma are cholesterol, triglyceri-
des, phospholipids and certain proteins called apolipoproteins. The lipids are car-
ried in the blood by small particles - lipoproteins - which contain different con-
centrations of each kind. Raised levels of certain lipoproteins are associated with 
the formation of atheromas. Because of the prominence of lipids in atheromas 
much attention has been directed to the lipid metabolism in the arteries. However, 
no single biochemical reaction of the lipid metabolism is culpable in the produc-
tion of atheromas. 
The injury-healing theory stresses the importance of endothelial damage in the 
atherosclerotic process; it has been stated as the initial process by Ross and Glom-
set (1976). The first signs of atheromas are the proliferation of myointimal cells 
and not lipid infiltration (Hauss 1981). Proliferation of these cells could be pro-
voked by mutations either spontaneously or after exposal to risk factors such as 
smoking or hypertension (Benditi 1973). Hypertension seems to facilitate the 
mutation rate in human cells DNA (Nerem 1983). Ross and Glomset created 
atheromatous lesions by inducing endothelial injury, following by healing with 
intima proliferation, augmented by platelet derived growth factor. These 
observations focussed research to untangle the metabolism and haemodynamic 
behaviour of endothelial cells. Normally, these cells are oriented along the 
streamlines of the blood. Reorientation takes place by changing the local haemo-
dynamic properties (Remuzzi 1984). As mentioned in chapter 2, local haemody-
namic changes occur at sites of origins, curves, branches and local vascular steno-
sis. At these sites the intima is collagen rich and minor erosions of endothelial cells 
may induce an exaggerated healing response in the intima ultimately leading to 
atheroma formation (Reidy 1984, Barnes 1985). Fry (1968) proposed that athero-
sclerosis is due to friction forces or shear rates between the blood stream and the 
vessel wall. Caro (1971), however, stressed the importance of the diffusion pro-
blems in areas with low shear rates and nowadays it is well established that athero-
matous plaque formation occurs at sites with turbulence and low shear rates. 
The platelet adherance increases strikingly with an increase in haematocrit (Tur-
ritto 1975). According to Aarts (1985) this may be related to the axial migration of 
red blood cells in the blood stream which results in a high density of platelets near 
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the vessel wall This heamodvnamic mechamism may explain the formation of 
trombo-embolie lesions at ulcerated plaques Not only haemodynamical factors 
may induce atherosclerosis by damage of the endothelium The endothelium itself 
also plays an active role in releasing factors which control the growth of the 
myointimal cells So in theory an anatomical intact layer of endothelial cells could 
influence atherogenesis if the release of these factors is disturbed burthermore, 
the endothelium plays an important role in the trombogenesis by the release of 
prostacyclmes to the blood 
Pathophysiology of ischaemia in cerebral atherosclerosis 
Cerebral ischaemia is the result of a perfusion pressure below a critical level 
Depending on the degree and duration of the ischaemia this may lead to the devel-
opment of a cerebral infarction Cerebral blood flow rates between 20 and 25 ml/ 
100 g/min are borderline Patients with these flow rates often experience revers-
ible neurological deficits and seems to be particularly vulnerable to the effect of 
emboli (Sundt 1974, Symon 1980) In baboons the cellular integrity is jeopardised 
below a level of 10 ml/100 g/min (Brandston 1977) In the ischaemic areas the 
level of ATP decreases whereas the lactate levels increase, resulting in a severe 
extra - and intracellular acidosis The metabolic lactic acidosis leads to a vaso-
motor paralysis resulting in a further disturbance of the cerebral metabolism 
Sundt and co-workers (1971) studied the cortical blood flow and microcirculation 
before, during and after temporary occlusion of the middle cerebral arteries of 
squirrel monkeys According to these authors the first change after clamping of 
the artery is the darking of the venous blood followed by a decrease in flow veloc-
ity in the venes and venules Aggregation of blood elements increased the viscos-
ity and impaired further flow There was a slight increase in diameter of the sur-
face vessels, but if cortical pallor developed the feeding arteries go into spasm In 
some instances the spasm became less severe as the ischaemia became more pro-
longed, suggesting an exhausted constricting mechanism of the smooth muscles of 
the vessel wall With restoration of flow the venous blood became red and a reac-
tive hyperaemia of the vessels was observed Often this resulted in the appearance 
of exceedingly small vessels on the surface that were not visible before clamping 
Symon (1963) and co-workers stressed the importance of the development of lep-
tomcnmgeal collateral circulation in cerebral arterial pressure changes In squirrel 
monkeys they showed an almost immediate increase in flow in the boundary 
/ones between the leptomeningeal arteries toward the vascular territory of the 
occluded leptomeningeal artery Such flow reversals have also been observed 
under the microscope following middle cerebral artery occlusions (Meyer 1957) 
Under circumstances of lowered systemic blood pressure the borderline /one 
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between adjacent vascular territories has been shown to bear the maximum 
ischaemic changes from hypoxic episodes with the production of so-called "wa-
tershed infarcts". 
Symon (1980) and Astrup (1981) observed a zone of brain tissue with moderate 
ischaemia with paralyzed neuronal function around the ischaemic infarct Resto-
ration of the perfusion pressure led to normal function of these neurons They cal-
led this border zone the ischaemic penumbra Olsen (1986) stressed the impor-
tance of restoring the blood flow in the ischaemic penumbra in order to favor the 
clinical outcome in patients with middle cerebral artery occlusions 
The primary reaction of the brain to ischaemia is edema in the intracellular as well 
as extracellular space It is suggested that the initial intracellular swelling of the 
astrocytes is related to the impairment of the blood brain barrier and not to a defi-
cient metabolic demand (Little and Kerr 1974) The neuronal ischaemic injury is 
situated in areas with the highest demand for ATP as the endoplasmatic reticulum 
and the cell membranes The mitochondria are relatively resistant to ischaemia 
while lysosome disruption is quite late (I ittle and Sundt 1974) The above men-
tioned data is derived from experimental models of subhuman species The results 
with complete ischaemia in animals have to be interpreted with caution when 
extrapolated to regional ischaemia in man 
The development of the positron emission tomography (PET) has provided a 
method of performing regional measurements of cerebral physiology in humans. 
PET studies concentrate on the regional measurements of blood flow and metab-
olic rates for oxygen and glucose Purthermore, measurements of regional cere-
bral blood volume and extraction fraction of oxygen from blood have also been 
carried out An excellent review of PET scanning and its application to the study 
of cerebrovascular disease in man was given by Powers (1985) Their findings sug-
gested that vasodilatation of the precapillary vessels is the first compensation 
mechanism when the perfusion pressure falls If vasodilatation was maximal, they 
observed an increase m oxygen extraction rate in order to maintain the cerebral 
oxygen metabolism Finally when cerebral perfusion pressure further decreased, 
the compensatory mechanisms of the brain were exhausted and cerebral infarction 
occurred 
Serial observations on the pathophysiology of acute stroke show marked changes 
in the regional blood flow metabolic oxygen rate and regional oxygen extraction 
rate The cerebral blood flow is initially decreased but increases between day 5 
and 20 (I enzi 1982, Baron 1981) The metabolic oxygen rate is decreased within 
the first week and remains unchanged or decreases afterwards The regional oxy-
gen extraction rises during the first week after the stroke and becomes normal 
after the increase of the cerebral blood flow (Wise 1983). Focal hyperaemia, in a 
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previous ischaemic area, is attributed either to dissolution or dislodging of the 
embolus more distally in the vascular tree or to recanalization of an occluded cere-
bral artery. In the acute stage the areas of cerebral blood flow disturbances arc 
more extensive than the structural lesions noticed on computer tomograms. In the 
chronic phase the cerebral blood flow falls back to a level closer to the metabolic 
demand: in the area of complete infarction a slight hyperpcrfusion is commonly 
observed. In the peri-infarct tissue, however, the coupling of flow and metab-
olism is re-established. 
Clinical features due to atherosclerosis 
Ischaemic syndromes are related to the localization and the duration of the ischae-
mic event. Computer tomographic studies showed that these infarctions are often 
clinically silent especially in the frontal lobes. The syndromes are categorized in 
reversible and irreversible neurological deficits. Numerous classifications have 
been proposed. A widely accepted system is established by the Advisory Council 
for the National Institute of Neurological and Communicative Disorders and 
Strokes from the National Institutes of Health (Millikan 1975). Transient ischae-
mic attacks (TIA) are defined as focal neurological deficits of vascular orgin, rapid 
in onset, with complete clinical recovery in less than 24 hours. Persistent ischae-
mia associated with a neurological deficit is called a stroke. The definition of 
stroke is given by the World Health Organization as: "rapidly developed clinical 
signs of focal (or global: applied to patients with subarachnoid haemorrhage and 
to some patients in deep coma, but does not include systemic circulatory failure, 
e.g. schock, Stokes-Adams syndrome or hypertensive encephalopathy) distur-
bance of cerebral function, lasting more than 24 hours or leading to death, with no 
apparent cause other than vascular orgin; it includes patients presenting clinical 
signs and symptoms suggestive of subarachnoid haemorrhage, or intracerebral 
haemorrhage, or cerebral necrosis. It does not include transient cerebral ischae-
mia" (Hanato 1973). Depending upon its course in time there are reversible 
ischaemic deficits, progressive and completed strokes. General cerebral ischaemia 
describes nonfocal, cerebral hypoperfusion related to the erect position in a 
patient with multivessel disease of the major ccrebropetal vessels (Stark 1983). 
The time limit of 24 hours in which to differentiate between a transient ischaemic 
attack and a stroke is rather arbitrary for two reasons. Firstly, the majority of the 
TIA last only a few minutes which makes the 24 hours limit from a clinical point 
of view a rather long timespan. Secondly, the adjectives transient and reversible, 
mentioned in the classifications, reflect only the patient's clinical status. This con-
trasts to the patient's cerebral metabolic and haemodynamical status, which are 
known to remain altered for often more than 24 hours. 
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The relationship between the neurological defict and obstructive lesions in the 
cerebropetal vessels is well established (Schulte 1984). In the majority of cases this 
may be the result of embolic debris into the blood stream. Infrequently ischaemic 
syndromes are the result of a reduced cerebral perfusion pressure due to cardiac 
insufficiency, hypovolaemic shock or too vigourous antihypertensive treatment. 
Cerebral ischaemia in the same patient may be the result of both emboli and a 
cerebral hypoperfusion (Pessin 1979, Schroeder 1988). 
Patients with an occluded internal carotid artery have a broad spectrum of neuro-
logical sequelae. They range from an asymptomatic patient through those afflicted 
with a fatal stroke (Fields 1976, LaMuraglia 1987). They have an increased morta-
lity rate and stroke risk compared to those with a patent carotid artery (Harrison 
1982). Cote (1983), however, observed a comparable risk of a subsequent cerebral 
infarction. Norrving (1981) prospectively studied the outcome in 59 patients with 
a carotid artery occlusion. His findings show that the efficiency of the collateral 
circulation, visualized on angiography, largely determined the outcome. This sug-
gests that in this catagory of patients haemodynamical alterations primarily deter-
mine the outcome. However, it is known that these patients may experience 
ischaemic events related to emboli from the proximal or distal stump of the occlu-
ded ICA. 
Diagnostic procedures in relation to cerebral atherosclerosis 
Assessment of atherosclerosis of the cerebral vessels and the impact of stenoses 
and obstructions on brain tissue can be evaluated with a number of techniques. 
These techniques either give information about the local structural lesion of the 
vessels, or about the more distally located haemodynamic consequences of this 
structural lesion or its influence upon the function of the brain tissue. 
Invasive techniques to visualize the intravascular structures are arterial angiogra-
phy and intravenous angiography with or without digital subtraction techniques. 
A review on arterial angiography in occlusive extracranial disease was given by 
Fields (1965). Foley (1984), Hessclink (1984) and recently Thijsscn (1988) review-
ed intravenous digital subtraction angiography in atherosclerotic disease of the 
cerebropetal vessels. Non-invasive techniques that provide information about 
structural lesions in the vessels are mainly based upon ultrasonic flow velocimetry 
using the Doppler principle. The extracranial vessels are evaluated by convention-
al velocimetry often in combination with ultrasonic visualisation of the vessels, 
the so-called duplex scanning (Barber 1974,' Strandness 1974, Ackerstaff 1985, 
Ackerstaff 1988, Jak 1989). The intracranial vessels can be evaluated by trans-
cranial Doppler sonography. TCD enables evaluation of stenosis and occlusions 
in the basal arteries of the brain (Padayachee 1986). 
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Principally the distal effects of a lesion in the cercbropetal vessels can be evaluated 
at three levels, i.e. 
1. the arteries at the base of the brain, 
2. the precapillary vessels in the cerebral hemisphere and 
3. the neurons and glia cells in the brain tissue. 
In the basal cerebral arteries the key parameter is the perfusion pressure which can 
indirectly be obtained by ocular pneumoplethysmography in combination with 
common carotid compression. This "collateral ophthalmic artery pressure" esti-
mates the potential of the circle of Willis (Gee 1985, Eikelboom 1981). This path-
way can also be evaluated with direct measurement of the internal carotid artery 
pressure intra-operatively (Moore 1969). Furthermore, reversed flow in the arte-
ries at this level (e.g. ophthalmic or anterior cerebral artery) reflects a change in 
pressure gradient. These flow reversals can be demonstrated with angiography or 
bidirectional Doppler techniques. 
At the precapillary level investigations focus on the circulating blood volume, 
cerebral blood flow and vasomotor reactivity. The last parameter can be measured 
by quantifying the capacity of these vessels to dilatate on a physiological stimulus 
(Vorstrup 1988). Above mentioned parameters can be evaluated with PET scan-
ning and Xenon inhalation techniques in combination with scintillation detectors 
(Powers 1985). These techniques permit functional measurements in deep struc-
tures with spatial resolution. The introduction of rapid sequential transmission 
computed tomography provided another method of monitoring changing tracer 
concentrations over time with a high degree of spatial resolution. This gives the 
opportunity of mapping cerebral blood flow by Xenon enhanced CT scanning 
(Gur 1982, Yonas 1988). Recently, the vasomotor reactivity can be estimated by 
the use of transcutaneous or transcranial Doppler in combination with hypercap-
nia or carotid compression tests (Kindt 1969, Widder 1986, Tada 1975). 
At the level of the brain methods focus on the cortical electric activity and the 
metabolism of oxygen and glucose. The former can be registered with electroen-
cephalography (Van Huffelen 1980) and somatosensory evoked potentials (Colon 
1985, Dc Weerd 1985, Van der Spek 1989), the latter with PET scanning (Powers 
1985), nuclear magnetic resonance spectroscopy (Berkelbach v. Sprenkel 1988) 
and single photon emission computed tomography (Vorstrup 1983). 
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CHAPTER 5 
Transcranial Doppler velocimetry of the 
cerebral circulation 
Introduction 
This chapter deals with transcranial Doppler (TCD) sonography of the basal cere-
bral arteries. Two names are closely related to this technique. The first is the 
Austrian physicist Christian Doppler (1803-1853), who described the frequency 
shift of a wave, when either the transmitter or the receiver are moving through the 
wave propagating medium. The difference between emitted and reflected fre-
quency is called the Doppler shift (Doppler 1843). In 1982 Rune Aaslid published 
an article on blood flow velocity measurements in the basal cerebral arteries 
through an intact skull based on the Doppler principle (Aaslid 1982). The velocity 
in the intracranial vessels has previously been measured by Doppler techniques 
during open skull surgery and in children with non-closed fontanels. The use of 
relatively low ultrasound frequencies of 1 or 2 Mhz, enabled Aaslid to study the 
cerebral circulation through the thin temporal bone. Since then many publications 
revealed the clinical and scientific significance of TCD examinations in neurologi-
cal diseases. 
The Doppler principle 
Sound is a compressional wave motion in a medium. Sound cannot be transmitted 
without vibrating particles in the medium. The energy of sound waves can be ana-
lyzed in amplitude and frequency. Amplitude refers to the maximum displace-
ment of the vibrating particles by one wave cycle. Frequency refers to the number 
of vibration cycles per second (Hz). One million cycles per second is called one 
MegaHertz (MHz). Ultrasound frequencies are the frequencies beyond the reach 
of human auditory perception c.q. 20.000 Hz (20 kHz) or more. The velocity of 
sound waves depends on the physical nature of the medium and primarily on its 
compressibility. Loss of energy occurs through reflection and/or absorption: the 
latter is conversion of sound into heat. Sound propagation in media with a low 
compressibility leads to high absorption of energy and, therefore, sound trans-
mission through the skull leads to a considerable loss of energy. Absorption of the 
emitted and reflected energy increases with emission frequency and because the 
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skull exhibits a high attenuation, the study of the intracranial vessels requires rela­
tively low frequencies of 1 or 2 MHz As mentioned above the Doppler shift 
allows for the calculation of blood flow velocities The Doppler shift is given by 
the formula: 
2 · F(e) · V(r) · cos a 
F(s) = Doppler shift 
F(e) = emitted ultrasound frequency 
V(r) = velocity of the reflector 
α = angle between the ultrasound beam and the direction of movement of 
the reflector 
V(t) = propagation velocity of a sound wave m the tissue, where V(r) < < V(t) 
The Doppler shift observed by TCD and other clinical ultrasound examinations is 
within the audible range It can be monitored by loudspeakers and recorded on 
audiotapes for further analysis. The Doppler shift is caused by the movement of 
the red blood cells within the sample volume, allowing the blood flow velocity to 
be calculated from the observed shift. However, the real velocity of the blood is 
unknown for four reasons. 
1. the angle of insonation (a) is unknown. The error is conform to the cosine 
function in the Doppler equation which means that at a relatively acute angle 
(< 30 degrees) the percentual mismatch is acceptable (< 4%) Because of the 
tortuous course of the middle cerebral artery, especially through the Sylvian 
fissure, the angle of insonation varies at different depth causing differences in 
real and calculated flow velocities. Generally, however, the MCA and АСА 
can be insonated through the temporal bone under angles of less than 30 
degrees. This in contrast to the PCA, which curves backwards to supply the 
occipital pole This artery may be insonated at angles greater than 30 degrees 
through the temporal bone. 
2. the sample volume must encroach the centre of the vessel under study where 
the highest blood flow velocities are located If the sample volume is outside 
the centre of the vessel under study, unreliable mean blood flow velocity mea­
surements are performed 
3. the flow profile in the insonated artery is not known. For a reliable blood 
flow velocity calculation the flow profile must be laminar. In the event of ves­
sel turbulences, reliable velocity measurements cannot be performed From 
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studies from Karino (1984) laminar flow patterns do occur in the basal cere­
bral arteries but at bifurcations within the circle of Willis complex turbulent 
flow patterns are observed. 
4. the measurement of the range of blood flow velocities is restricted by the 
TCD equipment. Filters, sweep speed and depth of the sample volume affect 
the calculation of the blood flow velocity. 
By way of concluding this comprehensive subchapter, normal blood flow velocity 
waveforms of a middle cerebral artery are displayed (see figure 5.1.). On the upper 
horizontal axis time in seconds, on the vertical axis the blood flow velocities (cm/ 
s) are noted. The grey scaling of the output reflects the amplitude of spectral 
contents of the signal. The equipment measures an envelope over the maximum 
frequencies. Forward flow is displayed above the horizontal axis and reversed 
flow below this axis. On the right side of the display, four numbers indicate re­
spectively the depth of the sample in mm, the peak systolic velocity (both appoin­
ted by the operator), the mean velocity in cm/s and the a pulsatility index (PI). 
The latter two are calculated by the equipment. Above these numbers a small 
figure indicates the direction of flow: towards (=>[) or away from ( < = [) the 
probe. The equipment exclusively calculates the blood flow velocity and PI above 
the horizontal axis of the spectral display. 
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Figure 5.1. A display of normal blood flow velocity waveforms of the middle cerebral artery (for 
explanation see above). 
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The transcranial Doppler examination techniques 
Transcranial Doppler examination can be used to obtain blood flow velocities and 
flow directions in the intracranial arteries. It can also be used to detect collateral 
pathways via the circle of Willis by the use of common carotid compression tests. 
Compression of the common carotid artery can induce a reduction of the perfu-
sion pressure at the level of the circle and subsequently enhanced compensatory 
flow through a collateral channel which is indicative for an anatomical communi-
cating pathway. These techniques are extensively described by Aaslid (1986) and 
Padayachee (1986) and only a summary, partly based on our own experience, is 
given here. Three main pathways or "acoustic windows" can be used to penetrate 
the skull without having an excessively damped ultrasound signal. They arc: 
- the transtemporal route: a small region in front of the ear and above the zygo-
matic arch through the temporal bone used to insonate the basal arteries and 
the circle of Willis. An anterior, middle and posterior window can often be 
distinguished. 
- the transorbital route used to insonate the ophthalmic artery and the carotid 
syphon. 
- the suboccipital route used to insonate the vertebral arteries and the basilar 
artery. 
In 5 % to 10 % of the normal population no reliable signals are obtained through 
the transtemporale route. In females over 60 to 70 years this percentage increases 
to 30 % to 40 % due to changes in acoustic properties of the temporal bone (Wid-
der 1986). Blood flow velocities in the basilar artery via the suboccipital route are 
nearly always to detect also at advanced age (Arnolds 1986, Hennerici 1987). 
Compact thin bone gives the optimum signal (Grolimund 1986). According to 
White (1978), the diploe layer has the most important effect on the attenuation 
and scattering of the signal while the outer and inner tables focus the ultrasonic 
beam. Racial differences, ageing, bony disease and postmenopausal hormonal 
changes influence the energy losses in the skull. Application of ultrasonic gel 
between the skin and the probe must be used to optimalize signals. 
Careful examination through the acoustic window with knowledge of the spatial 
relations of the basal cerebral arteries and their flow directions make it possible to 
identify the different vessels. The relation of the basal cerebral arteries and the 
skull are shown in figure 5.2. Each vessel can be located on one or more criteria as 
discussed below: 
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/. probe 
2. sample volume 
3. anterior-superior axis 
4. posterior-inferior axis 
Figure 5.2. Transcranial Doppler sonography of the basal cerebral arteries of the brain (for 
explanation see below). 
1. the direction of the probe on the skull : from the middle and posterior tempo-
ral windows the MCA and the Al-segment of the anterior cerebral artery lie 
on an axis with an anterior-superior direction while the Pi-segment of the 
posterior cerebral artery (see figure 5.2.) runs along a posterior-inferior axis. 
The investigator can move the ultrasound beam by some degrees in the plane 
through the above mentioned axises from the Al- to the Pi-segment. 
2. the depth of the sample volume: estimation of the bitemporal distance reveals 
the depth of the falx cerebri of the skull and also, therefore, the distance of the 
temporal window to the anterior communicating artery (about 7 cm to 8 cm). 
Furthermore, the middle cerebral artery is located at a depth ranging from 2.5 
cm to 6.5 cm while the anterior and posterior cerebral arteries are located at a 
depth ranging from 6.5 cm to 8 cm. The basilar artery is located at a depth of 
9 cm when insonated through the suboccipital window. 
3. the direction of flow: the middle cerebral artery flows towards the probe 
while the anterior cerebral artery has flows in the opposite direction. On the 
bifurcation of the internal carotid artery into the middle and anterior cerebral 
arteries a bidirectional flow can be observed which is a very important orien-
tation landmark. 
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4. the reaction to common carotid compression : reduction of perfusion pressure 
over the anterior or posterior segments of the circle of Willis may reveal flow 
enhancement or flow reversal, indicative for an anterior or posterior commu-
nicating artery. In the normal situation, contralateral carotid compression 
reveals a compensating flow over the anterior communicating artery towards 
the occluded side. On the compressed side this will result m a reversed flow in 
the Al-segment while on the contralateral side the flow in the Al-segment 
will be enhanced. Ipsilateral carotid compression may reveal enhancement in 
the PI-segment indicative of a posterior communicating artery. To check the 
adequacy of carotid compression it is useful to apply a pulse meter to the ear-
lobe, ipsilateral to the compressed artery or to check the blood flow velocities 
in the ipsilateral external carotid artery. 
The table 5.1. shows the transcranial Doppler criteria on which a basal cerebral 
artery can be indentified. 
Table 5.1. Transcranial Doppler criteria to identify the ipsilateral basal cerebral 
arteries (insonated from the temporal window). 
Al-segment Pl-scgment ACoA PCoA 
7 to 10 Depth of sample (cm) 
How direction 
to probe ([) 
Flow during 
ipsilateral 
ICA compression 
Flow during 
contralateral 
ICA compression 
3 t o 6 
= >L 
decreased 
unchanged 
6 to 8 
< = [ 
reversed 
ifACoA 
present 
enhanced 
ifACoA 
present 
6 to 8 
= >[ 
enhanced 
ifPCoA 
present 
unchange 
7 to 9 
^>[ 
< = unchanged 
Pitfalls in the investigation are numerous and can be listed as: 
1. Misinterpretation of a cerebral artery due to small acoustic windows. In par-
ticular confusion between the P I - and A 1-segments may occur when only 
the anterior temporal window is accessible. 
2. Depth of the basal cerebral arteries may vary according to the thickness of the 
skull and skin. For instance: in eldery patients the subcutaneous tissue is 
thicker resulting in a marked change in distance between the basilar artery and 
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the transducer. Furthermore, the aforementioned age related changes in 
acoustic properties of bone may negatively influence the TCD examinations. 
3. Reversed or alternating flow directions in the basal cerebral arteries may 
occur. Under physiological conditions a reversed flow can be observed in the 
middle cerebral artery which can be attributed to the windings of the vessel in 
the Sylvian fissure. Reversed flow in the PI-segment may be attributed to a 
fetal type of posterior cerebral artery. Bidirectional flow occurs at several pla-
ces in the circle of Willis. This may lead to confusion about the internal caro-
tid bifurcation with the bifurcation of the basilar artery and the posterior 
cerebral arteries. Under pathological conditions reversed or alternating flow 
may be indicative for collateral compensatory blood flow, steal phenomena 
or increased intracranial pressure. 
4. During carotid compression changes in blood flow velocities may falsely be 
interpreted as a present or absent communicating artery. Reductions as well 
as enhancements during the compression must be distinguished from normal 
variations in blood flow velocities due to changes in cardiac output. Espe-
cially in patients with significant occlusive vascular disease, compression will 
not always lead to a sufficient reduction in perfusion pressure at the level of 
the circle of Willis. In those instances the absence of enhancement may erro-
neously be interpreted as an absent collateral. In the posterior segment of the 
circle the superior cerebellar artery can be confused with the posterior cere-
bral artery. This results in a non-enhancement phenomenon during ipsilateral 
carotid compression which consequently may lead to a false negative inter-
pretation of the existence of the posterior communicating artery. 
Safety of transcranial Doppler examinations 
The safety of the diagnostic ultrasound has been recently discussed in a paper by 
Ziskin and Petitti (1988). They conclude that widespread clinical usage over 25 
years has yielded no evidence of any adverse effect from diagnostic ultrasound. 
They state, however, that subtle, long-term delayed and/or certain genetic effects, 
could escape attention. The safety of the transcranial Doppler investigation is in 
the present study primarily determined by the risk of initiating cerebrovascular 
events due to temporary compression of the common carotid artery. These com-
plications are well documented and range from asymptomatic encéphalographie 
changes to fatal hemiplegia (Nelson 1963). It must be stated, that these fatal cases 
occurred during longstanding carotid compression (minutes) often at the bifurca-
tion and without knowledge of the state of the carotid artery. In the present stu-
dy, compression during transcranial Doppler investigations was always preceeded 
by the evaluation of the extracranial arteries by duplex scanning to avoid com-
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Table 5 2 Reference values of blood flow velocities in the basal cerebral arteries 
(expressed in cmis) 
middle cerebral artery' blood flow vclocmts 
Author Yiar Agt group Mean Systolic Diastolic 
Aashd 
ArnoM"» 
Grolimund 
Harders 
H c n n m c i 
Iindegaard 
Otis 
1986 
I486 
1988 
1986 
1986 
1985 
1987 
20 65 
12 83 
< 4 0 
> 6 0 
rman 57 
20 70 
•^40 
40 60 
^ 6 0 
< 3 5 
> 4 9 
<-50 
50 60 
60 70 
62 SD 12 
57SD15 
67 SD 17 
58 SD 8 
58 SD 12 
45 SD 11 
67 SD 7 
58 SD IO 
57SD 11 
51 SD 10 
41 SD 7 
92 SD 16 
96 SD 18 
82 SD 18 
98 SD 24 
95 SD 14 
91 SD 17 
78 SD 15 
46 SD 10 
50 SD 10 
37SD10 
4 7 S D I 2 
46 SD 7 
44 SD 10 
32 SD 9 
Author 
Autho 
Author 
Arnolds 
Harders 
Hcnnenci 
Otis 
antenor cerebral artery blood flow velocities 
Year Age K r o u P Mean Systoln 
posterior cerebral artery blood flow еіосімсч 
Year АІ;С group Mean Systolu 
basilar artery blood flow velocities 
Year Age group Mean 
Diastolic 
Aaslid 
Arnold·; 
Grolimund 
Harders 
Hcnnenu 
L mdigaard 
Otis 
1986 
1986 
1988 
1986 
1986 
1985 
1987 
20 70 
12 83 
< 4 0 
> 6 0 
mean 57 
20 70 
< 4 0 
40 60 
> 6 0 
< 3 5 
> 4 9 
< 5 0 
50 60 
60 70 
51 SD 12 
49 SD 15 
51 SD 13 
47SD14 
53 SD 10 
45 SD 14 
58 SD 5 
48 SD 5 
48 SD 7 
46 SD 9 
38 SD 6 
72 SD 14 
74 SD 14 
68 SD 11 
73 SD 18 
76 SD 17 
86 SD 20 
73 SD 20 
34 SD 9 
3 I S D 8 
24 SD 9 
35 SD 10 
36 SD 9 
41 SD 7 
34 SD 9 
Diastolic 
Aaslid 
Arnolds 
Grolimund 
Harders 
Henncric» 
Lindegaard 
Otis 
1986 
1986 
1988 
1986 
1986 
1985 
1987 
20 70 
12 83 
< 4 0 
> 6 0 
mean 57 
20 70 
< 4 0 
40 60 
> 6 0 
< 3 5 
> 4 9 
< 5 0 
50 60 
60 70 
44 SD 11 
3 7 S D 1 0 
41 SD 10 
34 SD 8 
37 SD 10 
30 SD 9 
51 SD 6 
42 SD 6 
42 SD 9 
39 SD 10 
36 SD 8 
60 SD 12 
61 SD 14 
53 SD 8 
5 7 S D 1 3 
53 SD 10 
60 SD 21 
51 SD 12 
30 SD 7 
31 SD 7 
25 SD 5 
28 SD Я 
26 SD 7 
29 SD 8 
22 SD 7 
Systolic Diastolic 
1986 
1986 
1986 
1987 
12 83 
< 4 0 
> 6 0 
20 70 
< 4 0 
40 60 
> 6 0 
< 5 0 
50 60 
60 70 
40 SD 9 
35 SD 8 
36 SD 12 
31 SD 12 
38 SD 9 
32 SD 7 
32 SD 7 
58 SD 12 
65 SD 13 
52 SD 9 
58 SD 14 
56 SD 8 
60 SD 17 
51 SD 19 
29 SD 9 
33 SD 6 
24 SD 9 
28 SD 7 
27 SD 5 
29 SD 8 
21 SD 9 
Vriins(1989)shtiwcd MC A rtf ir tnn values in rclition ίο six and іцс 
pression of atherosclerotic plaques. The compression is applied low in the neck, 
away from the carotid sinus in order to avoid a systemic cardiovascular reaction. 
Furthermore, the compression is maintained only for a short time of 3 or 4 heart 
cycles. Arnolds and co-workers describe a dynamic compression test by a 
sequence of short rapid percussions which lead to oscillations on the normal pulse 
curve which can be used to identify the middle cerebral artery and is of less risk 
than a static compression to occlude the vessel (Arnols 1986). 
Reference values of blood flow velocities in the basal cerebral arteries 
Table 5.2. summarizes investigations that have been carried out to estimate refer-
ence values of blood velocities in the intracranial arteries. In some of these reports 
essential knowledge is lacking such as the determination of the "normalcy", sex 
ratio and mean age. Some of the authors mention data concerning interindividual 
and inter- and intra-obscrver differences. In most papers both sides of the patients 
are used for statistical analysis but side differences were not always mentioned. 
The test conditions are not always described but most tests have been performed 
in a quiet room with subdued light and after a period of relaxation of the volunteer 
because light stimulation and stress are known factors to evoke a response in 
blood flow velocities (Maximilian 1980, Aaslid 1987). Side differences in middle 
cerebral artery blood flow velocities were noted up to 30 % (Lindegaard 1985). 
This is remarkable given the symmetrical MCA vessel diameters (Mitterwallner 
1955). Some reports mentioned different blood flow velocities at different depth 
of a single artery. In general, blood flow velocities found in the cerebral arteries 
originating from the carotid system are higher than the velocities found in the ver-
tebrobasilar system. There is a general agreement on an age dependent decrease of 
flow velocities in the cerebral arteries (Arnolds 1986, Otis 1987, Grolimund 1988, 
Vricns 1989). The reduction in blood flow velocity in an age group below 40 years 
compared to a group above 60 years is about 20 % to 30 %. Hennerici (1986) 
mentioned an age dependency exclusively in the middle cerebral artery and not in 
the other basal cerebral arteries. In most papers the decrease is attributed to the 
age related increase of vascular diameter of the cerebral arteries and the decrease in 
cerebral blood flow and metabolism. Grolimund (1988) and Vricns (1989) men-
tioned a difference in blood velocities between men and women. Women showed 
a 10 % to 20 % higher flow velocity probably related to a smaller vessel diameter 
or a lower haematocrit. Harders (1986) found no sex differences. 
Reference values of the CO2 induced changes in blood flow velocity 
Several authors studied the influence of inhalation of carbon dioxide on the blood 
flow velocities in the middle cerebral artery by transcranial Doppler. The enhan-
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ccd blood flow velocity by hypercapnia can be expressed in a vasomotor reactivity 
or VMR. Generally the VMR is calculated as the procentual change in blood flow 
velocity in the MCA at normocapnia and after two minutes of hypercapnia. MCA 
blood flow velocity is used because this artery provides 80 % of the hemisphcral 
blood flow. The authors, mentioned in table 5.3. study the VMR in patients with 
occlusive vascular disease as well as in presumed healthy volunteers. The data 
given in table 5.3. represent the presumed healthy persons who served as controls. 
The studies differ mainly in the method of influencing the end-tidal рСОз and in 
the way data has been analyzed. The main differences are: 
1. Widder (1986) and Quilitz (1988) estimated the VMR by a hypercapnia test, 
while Ringelstein (1988), Markwalder (1984) and Kirkham (1986) performed 
both hyper - and hypocapnia procedures. Hypocapnia results in a significant 
decrease in cerebral blood flow velocities which can also be used to estimate 
the vasomotor response. 
2. Because of variations in mean velocity (MV) from one subject to another, 
Widder (1986) related the MV at rest to a reference pCOz level, in contrast to 
Ringelstein (1988) and Quilitz (1988). The latter standardized the VMR 
without consideration of the individual рСОг-
3. Widder (1986) and Ringelstein (1988) calculated the MV by a more precise 
computer assisted determination of a sequence of cardiac cycles instead of the 
analysis of a single cardiac cycle selected by the TCD equipment. 
The observed change in blood flow velocity reflects the change in cerebral blood 
flow as shown in a validation study by Bishop (1986). The relation between cere­
bral blood flow and arterial рССЬ is essentially linear between the 25 mmHg and 
50 mmHg (Reivich 1964) which is in accordance with VMR studies by Widder 
(1986). In contrast Markwalder (1984) found an exponential relationship between 
the blood flow velocity and the end-tidal рСОг- The end-tidal pCC^ reflects the 
arterial pCC^ and can be used for the estimation of the VMR (Kirkham 1986). 
Some authors express the amount of carbon dioxide as a concentration (vol. %) 
others as a gas tension (mmHg). These parameters can be converted to each other 
if the temperature, barometric pressure and humidity during the test procedures 
are known which is normally not the case. Thus only a rough relationship can be 
established. In the event of 100 vol.% CO? at 1 atmosfere the partial pressure will 
roughly be 760 mmHg. Thus 1 vol.% CO2 correspond to а рСОг of 7.6 mmHg. 
As seen in table 5.3. the overall VMR measured by the different authors ranged 
from 50.1 % to 56.3 % (the VMR was calculated from orginal data and defined as 
the relative increase in MCA blood flow velocities during a 2 vol.% increase of the 
end-tidal CO2). The standard deviations of the VMR are, however, not given in 
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the presented papers nor is the reproducibility of the VMR calculated in a large 
group of volunteers. According to Widder (1986) and Ringelstein (1988), the 
VMR measurement has a good reproducibility Their studies, however, are limit­
ed to a few individuals 
Table 5 3 Transcranial Doppler studies of the vasomotor reactivity (VMR) in 
healthy volunteers who served as controls for patients with occlusive 
vascular disease 
Literature 
Author 
Year of publication 
Controls 
number 
sex ratio (M/l ) 
mean age (years) 
age range (years) 
Mean velocity (MV) 
determination 
artery 
probe 
number of cardiac 
cyclus analysed 
Carbon dioxide 
administration 
gasmixture 
test procedure 
hypercapnia 
hypocapnia 
Vasomotor reactivity 
expressed as the 
percentualincrease 
in MV during the 
hypercapnia test 
(%/vol %) 
Keunen' 
1989 
20 
1/1 
27 
18-42 
MCA 
2 MHz 
1 
c o 2 &o2 
+ 
-
so.o
2 
Ringelstein 
1988 
40 
28/12 
51 
20-75 
MCA 
2 MHz 
20 
C 0 2 &air 
+ 
+ 
52,5 
Quillt? 
1988 
17 
1/2 
35 
21-63 
MCA 
2 M H 7 
n g 
CO,&ai r 
4 
-
56,3 
Widder 
1986 
86 
n g 
n g 
> 4 0 
MCA 
2 M H z 
> 1 
c o 2 &o 2 
+ 
-
51,72 
Kirkhatn 
1986 
19 
n g 
33 
19 57 
MCA 
2 M H z 
> 1 
C O 2 & air 
+ 
+ 
54,02 
Markwaldcr 
1984 
31 
η g 
n g 
5 73 
MCA 
2 M H z 
n g 
C 0 2 & air 
+ 
+ 
51,72 
η g = not given, 
data is given in chapter 7 of the present thesis 
2
 calculated from original data (hypercapnia was defined as a 2 vol % rise in end-tidal volume 
C O , (1 vol % C 0 2 corresponds to a p C 0 2 of 7,60 mmHg) 
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Application of transcranial Doppler in cerebrovascular disease 
The use of transcranial Doppler sonography in pathophysiological studies has 
been already well established. It is a non-invasive and inexpensive method to de­
lineate the natural history of occlusive vascular disease including the subsequent 
formation of collaterals. In the evaluation of patients with generalized atheroscle­
rosis, transcranial Doppler can be used as a diagnostic tool. The diagnostic appli­
cations can be summarized as: (1) the detection of intracranial stenoses, occlusion 
and recanalization; (2) the detection of functional collateral flow patterns or steal 
syndromes in the intracranial arteries; (3) the estimation of cerebral vasomotor 
responses in vascular occlusive disease; (4) the on-line monitoring of the cerebral 
circulation especially during carotid endarterectomy. 
Non-invasive diagnosis of intracranial stenosis and occlusion is established by 
several authors (Wechsler 1986, Lindgaard 1985, Grolimund 1988). As shown by 
Aaslid (1984) in patients with cerebral vasospasm after a subarachnoid haemor­
rhage, flow velocities in the basal cerebral arteries have a clear reciprocal relation­
ship to the diameter of these vessels measured from angiograms. This relationship 
is confirmed by Lindegaard (1986) in patients with intracranial stenotic arteries. 
Hennerici (1987) observed that in the case of a local stenosis a low frequency 
broad-band noise can be observed, indicating a vessel wall flutter. Damping of the 
pulsatile velocity spectrum is seen as the stenosis exceeded 60 % diameter reduc­
tion (Lindegaard 1986). In pre-occlusive stenosis the flow velocities are more dif­
ficult to establish due to a marked decrease in volume flow passing the tight steno­
sis (Hennerici 1987). Sometimes socalled "musical murmurs" can be in case of 
very high flow velocities (Aaslid 1986). 
Occlusions are characterized by the absence of any detectable signal despite nor­
mal conditions of insonation through the skull. Hypoplastic or absent MCA is 
extremely rare so when the MCA velocity signal is missing, a total occlusion can 
be expected. Frequently the presence of flow collateralization - detected by an 
inverse flow in the superficial brain vessels - is indicative of an occluded intracra­
nial artery. Mattle (1988) classified MCA occlusive lesions respectively to loca­
tions in the central (sphenodial) part and in the peripheral branches of the MCA. 
He noted in central MCA occlusion a significant increase in flow velocity over the 
ipsilateral АСА because of collateral flow over the leptomeningial anastomoses. 
However, if the ipsilateral carotid artery was also occluded they observed a col­
lateral circulation over the anterior part of the circle of Willis with a concomitant 
reversed flow in the ipsilateral АСА. In peripheral MCA occlusions the increase 
in the ipsilateral АСА is less marked. 
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The vasomotor response in the MCA of patients with an occlusion of the internal 
carotid artery shows a significant decrease (Bishop 1986, Widder 1986, Ringel-
stein 1988). The decrease in VMR is also observed in patients with a diameter 
reduction of 80 % who are believed to have an inadequate collateral network. The 
mechanism of the decreased VMR is not fully understood. A defective cerebral 
blood flow regulation, related to the ischaemic tissue damage, was suggested by 
Brown (1986). However, in a number of patients no tissue damage is apparent 
indicating a normal cerebral blood flow regulation. In this catagory the reduced 
VMR might be explained by the reduced cerebral perfusion pressure and subse-
quent vasodilatation of the cerebral precapillaries. 
Herold (1988) showed that the decreased VMR in patients with occlusive vascular 
disease can be associated with a local increased oxygen extraction ratio of the 
brain tissue. This observation is in accordance with PET scan studies in patients 
with internal carotid artery occlusion and compensatory maximal vasodilatation 
of the cerebral precapillaries. These patients have also an increased oxygen extrac-
tion ratio (Powers 1985). 
In a retrospective study Widder (1986) and Ringelstein (1988) found a relation-
ship between the VMR and the clinical status of patients with occlusive vascular 
disease. They noted an increased frequency of TIA's and/or strokes in patients 
with a decreased VMR compared to patients with a normal VMR. These findings 
suggest that in some of these patients, the cerebral symptoms may have had a hae-
modynamic origin more often than suspected from the clinical history. Therefore, 
the.ce authors suggest using the estimation of the VMR as a selection criterion for 
patients who may benefit from extracranial - intracranial surgical revascularisa-
tion or carotid endarterectomy. 
Schneider and co-workers (1988) reviewed the possibilities of transcranial Dopp-
ler sonography in monitoring carotid endarterectomies. They defined three types 
of collateral patterns preoperatively: (1) no collaterals (2) collateral patterns pre-
sent but impeded by other stenosis and (3) ipsilateral ACoA and PCoA present 
and unimpeded by other stenosis. During peroperative cross clamping they found 
a significantly greater decrease in MCA velocity when no collaterals were present 
then when major unimpeded collaterals could be identified preoperatively. They 
concluded that the need for selective carotid shunting may be predicted on the 
basis of preoperative transcranial Doppler examination of the collateral pattern or 
peroperative monitoring of the MCA velocities. They also found a close relation-
ship between peroperative stump pressure measurements and electroencephalo-
graphic changes during cross clamping and the change in MCA velocity during 
the procedure. The short and long term effects of carotid endarterectomy on the 
cerebral circulation need to be studied with TCD. 
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Part II: Own investigations 

CHAPTER 6 
Aim of the study 
The basic questions 
The aim of the present study is to define the value of the vasomotor reactivity 
measurement by using transcranial Doppler in patients with occlusive vascular 
disease. As mentioned in the previous chapter the VMR may be reduced or abol-
ished in these patients. The most likely explaination for the abolished vasomotor 
response is the fact that the cerebral blood pressure is low and, subsequently, the 
precapillaries are dilatated. Inhalation of carbon dioxide does under these circum-
stances not result in an enhanced blood flow. 
This explanation suggests a normal cerebral autoregulation but an exhausted 
reserve capacity. Another opposite explanation for the reduced VMR could be a 
defective cerebral autoregulation related to ischaemic or metabolic damage. Esti-
mation of the VMR in patients with occlusive vascular lesions is becoming more 
and more important, not only to study the pathophysiological mechanisms of 
strokes but also to select patients for vascular reconstructive surgery. The validity 
of the VMR to select patients for surgery is based on the assumption that patients 
with a reduced VMR have an increased hemispherical stroke risk compared with 
patients with a VMR in the normal range. 
To address the above mentioned problems six questions have been formulated. 
The different studies, related to these questions, are discussed in detail in the 
chapters 7 to 11. Chapter 12 is a general discussion of these studies and contains 
recommendations for further investigations. The basic questions are: 
1. What is the reproducibility of the VMR in presumed healthy volunteers ? 
To answer this question we selected 10 men and 10 women and measured twice 
the left and right MCA in subsequent sessions. With this data, the reproducibility 
of the VMR inter- and intra-individually, could be calculated. Furthermore sex 
and left/right differences in blood flow velocity and VMR could concomittantly 
be studied. The study is discussed in chapter 7. 
2. What is the age dependency of the blood flow velocity, end-tidal CO2 and 
VMR in males ? 
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The cerebral blood flow is known to decrease at older age. A similar decrease is 
observed for the blood flow velocity. The age related changes of the end-tidal 
CO2 are seldomly studied and neither are the age related changes of the VMR by 
transcranial Doppler. To answer this question 30 presumed healthy males were 
studied and the data is presented in chapter 8 (ten of the 30 males were already 
investigated for the previous study). 
3. Is the VMR in presumed healthy volunteers the same as in patients with pro-
ven atherosclerosis of the extracranial vessels ? 
To define reference values of the VMR to discrimate between normal and abnor-
mal VMR values the influence of atherosclerosis on the cerebral vasomotor reacti-
vity must be known. Therefore patients with proven artherosclerosis were com-
pared to presumed healthy volunteers out of the same age range. Because occlu-
sive vascular disease is mainly diagnosed in men the study was restricted to males. 
The patients were selected from a group of 86 patients with a uni- or bilateral 
occlusion of the ICA and are described in detail under the subchapter materials 
and methods. The presumed healthy males were selected from the above mentio-
ned group of 30 volunteers. The results of this study are discussed in chapter 9. 
4. a. What is the relationship between the atherosclerotic lesions in the extra-
cranial vasculature, the collateral circulation and the VMR ? 
b. What is the clinical significance of the reduced VMR ? 
The cerebral blood flow in patients with occlusive vascular disease is the net-result 
of the reduced blood flow due to the severity of the extracranial vascular lesions 
and the compensatory blood flow through the collaterals. In the aforementioned 
group of 86 patients the relationship between the degree of diameter reduction in 
the ICA (classified by duplex scanning) is related to the VMR in the ipsilateral 
MCA territory. Question 4 also addresses the problem of the haemodynamical 
and clinical significance of transcranial Doppler studies of the main cerebral col-
laterals. The circle of Willis, the major intracranial collateral, can be analyzed by 
TCD in terms of blood flow directions and the reactions of the blood flow veloc-
ities in the basal arteries to carotid compressions. Thus different functional flow 
pattern of the circle can be defined. In a subgroup of 34 patients, selected from the 
86 patients, the relationship between the functional flow pattern and the VMR is 
estimated. Furthermore, to answer question 4.b. the VMR of these patients was 
related to their clinical status, to study the clinical value of the VMR measure-
ment. The results of the above mentioned questions are discussed in chapter 9. 
5. Do the blood flow directions and/or velocities in the basal cerebral arteries 
and peri-orbital arteries have a relationship with the VMR ? 
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Reversed flow patterns as well as reduced and increased blood flow velocities do 
occur in the basal cerebral arteries in the case of occlusive vascular disease. In the 
aforementioned 86 patients the VMR was related to the blood flow directions and 
velocities in the main collaterals (e.g. the peri-orbital arteries, the anterior cerebral 
arteries and the basilar arteries). This study attempts to define which blood flow 
velocity pattern indicates adequate and which inadequate collateral circulation. 
The results of these studies are discussed in chapter 11. 
6. What is the relationship between the cerebral perfusion pressure and the 
VMR? 
To elucidate this question 59 patients, again from the aforementioned group of 86 
patients, are investigated by ocular pneumoplethysmography. The ophthalmic 
artery pressure is assumed to represent the cerebral perfusion pressure at the level 
of the carotid syphon. From these 59 patients three catagories are selected based 
on respectively the grade of ICA stenosis and the VMR. The cerebral perfusion 
for the different catagories is discussed in chapter 11. 
Material and methods 
Selection of presumed healthy volunteers and patients. 
In order to study the reproducibility and age dependency, 40 presumed healthy 
volunteers, 30 men and 10 women, were selected. They were not under medical 
care nor did they use drugs. For the selection of these volunteers no additional 
investigations were performed. The age range is given in the chapters 7 and 8. 
In order to study the influence of atherosclerosis 86 patients, 82 males and 4 fema-
les, in whom duplex scanning revealed an internal carotid occlusion were investi-
gated with TCD in combination with hypercapnia. Four patients did have a bila-
teral occluded ICA, therefore the number of occluded ICA is 90. Mean age of the 
patients was 64.4 years, range 36 to 84 years. The patients were referred to the vas-
cular laboratory because of transient or persistent neurological deficits, asympto-
matic bruits over the carotid arteries or for screening of the carotid arteries. The 
latter was carried out in patients with ischaemic heart disease or intermittent clau-
dication of the legs. The clinical status in relationship to the hemisphere distal to 
the occluded ICA was classified as: cerebral asymptomatic (n=43), reversible 
cerebral ischaemic deficits (n=24) and persistent cerebral ischaemic deficits 
(n=23) (n of total occluded ICA = 43 + 24 + 23 = 90). The time between the 
ischaemic event and the hypercapnia test was at least 8 weeks but usually more 
than 1 or 2 years. With duplex scanning full assessment of the carotid and verte-
bral arteries was made as described in earlier reports (Strandness 1980, Breslau 
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1981, Knox 1982, Ackerstaff 1985, Ackerstaff 1988). Stenoses in the carotid terri-
tory were classified in 0 % to 49 %, 50 % to 64 %, 65 % to 99 % and 100 % dia-
meter reductions. Stenoses in the vertebral arteries were classified in 0 % to 49 %, 
50 % to 99 % and 100 % diameter reductions. 
Specifications of the Transcranial Doppler equipment 
The Doppler transducer is mounted in a probe and consists of a piezoëlectrical 
crystal which emits sound when exposed to electrical currents. When it is exposed 
to reflected ultrasound, however, it generates electrical currents so the Doppler 
shift can be obtained by comparing the original and the induced electrical cur-
rents. The TCD equiment is a socalled bidirectional system. It can discriminate 
between a positive and negative Doppler shift indicative for respectively a for-
ward or reversed blood flow direction. The ultrasonic intensity can be controlled 
by adjustment of the electrical power to the transducer crystal. It is measured as 
the amount of acoustic energy transmitted across an area per second and is expres-
sed as milliwatts per square centimeter. The emitted ultrasound is focussed by 
plastic lenses at a depth of 40 mm to 60 mm where the most important basal cere-
bral arteries are located. 
The signal length considered in combination with the local width of the ultrasonic 
beam constitutes the active sensitive region of the Doppler system: the sample 
volume. The length of the sample volume can be altered by changing the duration 
of emission and is therefore defined as a burst-width expressed in micro-seconds. 
The specified size of the sample volume has a diameter of about 5 mm and an axial 
extension of 10 mm. 
The TCD equipment has filters to optimize the blood flow velocity measurement 
from the Doppler shift. The output specifications include a wall thump high-pass 
filter and a low-pass filter of respectively 150 Hz and 9 kHz. Consequently the 
blood flow velocities between the 6 and 350 cm/s can be measured (given a 2 MHz 
transducer: 1 kHz = 39 cm/s). Blood flow velocity measurement is further 
restricted by the pulsed Doppler system. The pulsed system enables the examina-
tor to select a depth range of interest of the sample volume. A pulsed Doppler 
transducer has one crystal which alternately acts as an emittor or receiver for 
ultrasound. Ultrasound is emitted in short bursts at a preselected rate, the pulse 
repetition frequency (PRF). Only signals received after a preselected delay with 
respect to emission (corresponding to a given depth) over a preset time arc taken 
into consideration. The pulse repetition frequencies are standarized and normally 
4.96 kHz, 8.10 kHz and 10.26 kHz. To measure high blood flow velocities, fast 
pulse repetition frequencies are mandatory. If the pulse repetition frequency is 
equal or less than twice the Doppler shift, the blood flew velocities are underesti-
mated, a phenomenon known as aliasing. 
56 
The transcanial Doppler equipment analyzes the received signal on line using a 
Fast Fourier transformation frequency analysis (see figure 5.1.). The amplitude 
spectrum is displayed in shades of grey on the monitor. The time-dependent 
maximum frequency is marked as an envelope. The mean blood flow velocity is 
calculated as the time averaged maximum frequency waveform over a single car-
diac cycle. The cycle was selected from the other displayed cardiac cycles because 
it has the maximum difference between the peak systolic and the end-diastolic 
blood flow velocity. The time required for the spectral display to transverse the 
monitor can be changed by altering the sweep speed. At a higher sweep speed 
more spectra per unit of time are considered and, consequently, the computation 
of average velocity is based on more spectral points. 
Blood flow velocity measurement 
Blood flow velocities were measured with a 2 Mhz pulsed Doppler velocimeter 
(Eden Medizinische F.lektronik TC 64 - 2). The volunteer lay in a supine position 
in a quiet room with an ambient temperature and subdued light. The Doppler 
probe was placed just above the zygomatic arch and the depth of the sample 
volume was set at 50 mm to 55 mm. The maximum signal was achieved just lateral 
to the intracranial carotid artery bifurcation at the orgin of the MCA. The blood 
flow velocities were studied during normocapnia and hypcrcapnia. 
Administration of carbogen 
An anaesthetic mask was applied to the nose and mouth and connected to a 3-way 
tap for breathing room air or carbogen. This gas mixture of 5 % CO2 and 95 % 
O2, was administered in a pressureless airbag. The end-tidal volume CO2 (expres-
sed in vol.%) was continuously monitored by an infrared CO2 analyser (Datex 
Normocap) from a sample of the mask. The end-tidal CO2 was assumed to reflect 
the arterial CO2 (Kirkham 1986). If the end-tidal CO2 was stable and the brea-
thing frequency was regular the tap was switched to the airbag which was contin-
uously filled with carbogen. During this procedure the end-tidal CO2 gradually 
rose because the persons inhaled their own previously exhaled carbon dioxide. 
This situation was maintained for two minutes. During the last minute of the 
hypercapnic procedure, the end-tidal CO2 was almost stable. After two minutes, 
the tap was switched back to room air. If the end-tidal CO2, the mean blood flow 
velocity and the breathing frequency had reached previous levels, the bag was 
emptied and the whole procedure started on the other side. Because blood pres-
sure can influence cerebral blood flow velocities, the blood pressure was automa-
tically measured before and during the test procedure (Criticón Dinamap Moni-
tor). 
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Calculation of the VMR 
The VMR was calculated as the relative change in mean blood flow velocity at 
normocapnia MV(0) and after two minutes MV(2) of carbogen inhalation per 
absolute change in end-tidal CO2 (Δ CO2): 
MV(2) - MV(0) 
V M R = · 1 0 0 % 
MV(0) · Δ C 0 2 
The VMR, expressed as the % increase in blood flow velocity per vol.% increase 
in end-tidal volume CO2, has therefore the unit: %/vol.%. 
Since the blood flow velocity is dependent on the actual end-tidal CO2, the MV(0) 
and VMR were also calculated to an end-tidal CO2 of 5 vol.%. The normalized 
MV(0) was estimated by linear inter- or extrapolation from the data points of re­
spectively the MV(0), MV(2), end-tidal CO2 at normocapnia and hypercapnia 
during one test procedure. To estimate the normalized VMR the normalized 
MV(0) was used in the denominator of the above mentioned equation to calulate 
the VMR. 
TCD examination of the circle of Willis 
The functional state of the circle of Willis was assessed with TCD in combination 
with temporary compression of the common carotid artery as described by 
Padayachee (1986). Temporary compression was performed low in the neck in 
patients without vascular abnormalities in the common carotid artery as revealed 
by duplex scanning. To control the adequacy of the compression, a pulse detector 
was attached to the ear lobe on the side of the compression and the compression 
was maintained during 3 to 5 cardiac cycles. On the side of the occluded ICA, 
four flow patterns via the circle of Willis could be distinguished (see table 6.1. and 
figure 6.1.). Reversed flow in the first segment of the anterior cerebral artery (A-l) 
was indicative of an anterior communicating artery (ACoA); enhanced flow in the 
first segment of the posterior cerebral artery (P-l) evoked by contralateral com­
mon carotid compression indicated a posterior communicating artery (PCoA). 
Type I or the complete circle refers to the presence of a flow pattern indicative of 
both an ACoA and PCoA. Type II and III or partial circles refers to flow patterns 
indicative of respectively an ACoA or PCöA. Type IV or the incomplete type 
refers to a flow pattern in which both the ACoA and PCoA are absent. 
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Table 6.1. Types of circle of Willis based on functional flow patterns observed 
ipsilateral of an occluded ICA. 
Complete circle 
Partial circle 
Incomplete circle 
Type I 
Type II 
Type III 
Type IV 
- reversed flow in A-l segment 
- enhanced flow in P-l segment' 
- reversed flow in A-l segment 
- non-enhanced flow in P-l segment2 
- physiological flow in Α-t segment 
- enhanced flow in P-l segment' 
- physiological flow in A-l segment 
- non-enhanced flow in P-l segment2 
- reversed peri-orbital flow 
' Enhanced flow in the P-l segment refers to an increase of blood flow velocities of 20 % or more 
during contralateral CCA compression. 
During contralateral CCA compression. 
T7 
Type I 
complete type 
Type II 
anterior type 
Type III 
posterior type 
Type IV 
incomplete type 
Figure 6.1. Schematic drawing of four types of Willis circulation distally to an occluded internal 
carotid artery (see also table 6.1.). 
Peri-orbital blood flow velocity measurement 
Blood flow directions in the peri-orbital vessels was studied with a continuous 
wave 8 Mhz Doppler equipment (Delalande Velocimetre D.800). In all patients 
the frontal artery and/or supraorbital artery was studied. Reversed flow in one of 
the peri-orbital arteries was classified as reversed, even though the flow in the 
other artery is antegrade. If necessary a compression test of the external carotid 
artery or the superficial temporal artery was performed to assure the flow direc­
tion. 
OPG-Gee measurements 
OPG-Gee, as developed by Gee (1974), is a modification of suction ophthal­
modynamometry in which a bilateral simultaneous oscillogram of the eyes is 
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registered with diminishing suction from 300 mmHg or 500 mmHg (Gee 1977). It 
is essentially a written reproduction of the pulsations of the eye during different 
stages of applied vacuum. In this manner ophthalmic arterial pressures can be 
determined. The first oscillation followed by a pulse of greater amplitude marks 
the systolic pressure in the ocular vascular bed which corresponds to the pressure 
in the ophthalmic artery. With the patient in sitting position, both brachial blood 
pressures are determined by arm cuff and ausculation. This to elucidate any sub­
stantial difference in measurements indicative of considerable arterial stenosis on 
the side of the reduced blood pressure. The side with the highest blood pressure 
was used to estimate the reference for the ophthalmic artery pressure measured by 
OPG-Gee. The OPG-Gee procedure was performed in supine position. The ocu­
lar systolic pressure (OSP) can be accurately measured on the side of the ICA 
occlusion as well as on the patent side. The automatic blood pressure gauge (Arte-
rio Monitor, Roche Medical Electronics, Inc., Event, Mass.) allows simultaneous 
determination of the brachial artery systolic pressure (BSP). Both parameters 
were expressed in an OSP/BSP ratio. 
In order to delineate the lower limit of the ophthalmic systolic pressure for its re­
spective brachial systolic pressure, a demarcation line was used as described by 
Gee (1982). This line was calculated from data of 330 patients with no carotid 
lesions on angiograms and with equal ophthalmic systolic blood pressures of both 
eyes. The mean value of the ocular systolic blood pressure (OSP) for any value of 
brachial systolic blood pressure (BSP) can be given by the formula OSP = 55.0 -Ι­
Ο.43 BSP. The standard error of estimates for this line is 8 mmHg. Hence, the line 
of demarcation is two standard errors below the line representing the mean values. 
The demarcation line is, therefore, given by the formula OSP = 39.0 + 0.43 BSP. 
Patients in whom their OSP is below the line of demarcation are those with an 
abnormal low cerebral perfusion pressure. To quantify the distance of a given 
OSP to the line of demarcation, the ophthalmobrachial systolic pressure index 
(OBSP index) was introduced. Calculation of the OBSP index was performed 
using the formula OBSP = OSP - 39.0 - 0.43 BSP (which is essentially a re-expres­
sion of the line of demarcation). If the OBSP index is above the line of demarca­
tion it is positive, and if below the line it is negative. Thus the OBSP index con­
tains both information being above or below, as well as the distance, to the line of 
demarcation. 
Data analysis 
For statistical analysis of the different parameter the Student t-test and the Pear­
son correlation coefficients are applied. Ρ values below 0.05 are regarded as signif­
icant. Vertical bars in the figures indicate the standard deviation of the mean. Dot­
ted lines in the figures indicate the 95 % confidence limits of the regression curves. 
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CHAPTER 7 
The reproducibility of the CO2 induced 
cerebral vasomotor reactivity measurement 
by transcranial Doppler ultrasound 
Introduction 
Since the introduction of transcranial Doppler blood flow velocity measurements 
by Aaslid in 1982, this technique has been soon applied to study the VMR. This 
relatively inexpensive and non-invasive procedure favored widespread application 
to patients with cerebrovascular disorders. As noted in chapter 5 special interest in 
the literature is given to quantify the response of the cerebral blood flow to hyper-
capnia. The response can be expressed in a so-called cerebral vasomotor reactivity 
which is described in detail in chapter 6. In order to study the reproducibility of 
the CO2 induced changes in cerebral blood flow velocity, the VMR in presumed 
young healthy volunteers was studied. 
Material and methods 
Twenty presumed healthy volunteers, ten males and ten females (mean age men 
30.3 years, range 19 to 45 years, mean age women 23.0 years, range 19 to 27 years) 
were studied. Selection criteria are noted in chapter 6. In one session the VMR in 
both the left and right MCA was measured separately. The side studied first was 
chosen randomly and called the first in sequence. The second in sequence was the 
opposite side. The sessions were repeated with an interval of at least one week. 
The measurement of the blood flow velocity and the VMR as well as the hyper-
capnia procedure are decribed in chapter 6. 
The intra-individual variability of the VMR between the left and right side within 
the same session was calculated as: 
VMR right - VMR left 
Δ (L,R) = 100 % 
(VMR right + VMR left)/2 
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Similarly, the intra-individual variability of the VMR on the same side, in subse­
quent sessions with an interval of at least one week, was calculated as: 
VMR second session - VMR first session 
Δ (1,2)=
 7 T · 1 0 0 % (VMR second session + VMR first session)/2 
The inter-individual variability of the VMR, being the standard deviation of the 
mean VMR for all volunteers, was expressed as: 
SD 
Δ (SD) = · 100 % 
mean VMR 
In order to analyze the infuence of various methods of calculation of the VMR on 
the standard deviations we used four different computations (see table 7.1.). 
Table 7.1. Four methods to calculate the VMR from the MV and the end-tidal 
co2. 
Methods 
Method I 
Method II 
Method ΠΙ 
Method IV 
the absolute increase in blood 
flow velocity 
the relative increase in blood 
flow velocity 
the absolute increase in blood 
flow velocity per the absolute 
increase in end-tidal CO; 
the relative increase in blood 
flow velocity per the absolute 
increase in end-tidal CO2 
Fxpresscd as: 
MV(2)-MV(0) 
MV(2)-MV(0)/MV(0) 
М (2)-М (0)/Л C 0 2 
М (2)-М (0)/М (0)-Л С О
г 
Results 
Figure 7.1. shows the graphical display of the end-tidal CO2 during an individual 
hypercapnia test and the blood pressure measurements. Figure 7.2. show the 
changes in blood flow velocities as seen from the monitor. Note the increase in 
blood flow velocity during hypercapnia. 
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Figure 7.1. Graphical displays of the end-tidal CO? curve during two minutes of carhogen in­
halation. Note the relative stable end-tidal CO? level during the second minute of 
hypercapnia. 
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Figure 7.2. A display of the blood flow velocity waveforms at rest (left) and during hypercapnia 
(right). Note the increase in systolic and diastolic blood flow velocity. 
The mean blood flow velocity, for all volunteers, at normocapnia and hypercap­
nia was respectively 68.9 cm/s (SD: 15.1) and 101.5 cm/s (SD: 19.8) There was a 
significant difference in mean blood flow velocity at normocapnia and hypercap­
nia in men and women as noted in table 7.2. No significant sex differences were 
found in end-tidal CO2 at normocapnia or hypercapnia. The above data resulted 
in a non-significant difference in VMR between men [26.6 %/vol.% (SD: 9.8)] 
and women [23.3 %/vol.% (SD: 8.3)] (ρ > 0.1). 
The mean VMR was 25.0 %/vol.% (SD: 9.2). The frequency distribution is given 
in figure 7.3. N o left/right differences were noted in MV(0), MV(2) of all VMR 
measurements. There was no significant difference in VMR between the first and 
second sequence during the same session, the values were respectively 23.5 %/ 
vol.% (SD: 9.8) and 26.5 %/vol.% (SD: 8.4) (p > 0.1). 
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Table 7.2. Reference values and statistical differences of the mean blood flow 
velocities, end-tidal CCK and vasomotor reactivities in 10 men and 10 
women. 
mean age (years) 
range (years) 
number of observations 
MV(0)(cm/&) 
MV(2) (cm/s) 
end-i idalCO 2 (0)(vol .%) 
end-tidal C O , (2) (vol.%) 
VMR(%/vol.%) 
n.s. — not significant (p > 0.05) 
men 
30.3 
19 to 45 
40 
61.4 SD 11.3 
92.4 SO 16 9 
5.2 SD 0 4 
7.1 SD 0.5 
26.6 SD 9.8 
women 
23.0 
19to27 
40 
76.6 SD 14.7 
110.8 SD 18.4 
4 9 SD 0.6 
6 9 SD 0.4 
23.3 SD 8.3 
ρ values 
p < 0.0001 
p < 0.0001 
n.s 
η s. 
n.s. 
Number 
20 
16 
12 
VMR 
0-5 6-10 11-15 16-20 21-25 26-30 31-35 36-40 41-45 46-50 51-55 56-60 
Figure 7 3. Frequency distribution of SO observations of the VMR in 20 presumed healthy young 
volunteers 
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Table 7.3. Normalization of the mean blood flow velocity in middle cerebral 
artery to a reference level of 5 vol.% end-tidal CO2 and the influence 
upon the vasomotor reactivity, inter-individual variability A(SD), 
intra-individual left/right variability SD (A L/R) and the intra-indi-
vidual variability between subsequent sessions SD/(A 1/2)]. 
C02(vol.%) VMR(%/vol.%) Δ (SD) SD (Δ I./R)1 SD (Λ 1,2)' 
Mean SD 
at rest 25.0 9.2 36.8% 40.4% 36.0% 
5 vol.% 25.5 10.0 39.2% 4 1 . 8 % 37.9% 
' Student t-test revealed no significant changes in A(SD), SD ( Δ L/R) and SD (Δ 1,2) when the 
values at rest were compared to an end-tidal CO2 of 5 vol.%. 
The standard deviation of the distributions of the intra-individual left/right varia­
bility SD[A(L/R)] and the intra-individual variability between two sessions 
SD[A(1,2)], were respectively 40.4 % and 36.0 %. The standard deviation of the 
mean VMR, [A(SD)] being the inter-individual variability, was 36.8 %. 
The influence of a normalized MV on the VMR, SD[A(L/R)], SO[{A{\,2)] and 
A(SD) is shown in table 7.3. Normalization of the MV to an end-tidal CO2 level 
of 5 vol.% was described in chapter 6. Normalization did not significantly change 
the SD[A(L/R)], SD[A(1,2)] and Δ (SD). 
The data concering the different methods to calculate the VMR are given in table 
7.4. The arterial blood pressure rose 5 to 10 mmHg during the procedure and was 
assumed not to influence the end-tidal CO2. 
Table 7.4. Different methods to estimate the VMR from the MV and end-tidal 
CO2 values. 
Variable 
MV(0) 
MV(2) 
end-tidal CO2 
end-tidal CO2 
VMR method I 
VMR method II 
VMR method III 
VMR method IV 
Unit 
(cm/s) 
(cm/s) 
(vol.%) 
(vol.%) 
(cm/scc.%) 
(%) 
(cm/sec'vol.%.%) 
(%/vol.%) 
Number 
80 
80 
80 
80 
80 
80 
80 
80 
Mean 
68.9 
101.5 
5.0 
7.0 
32.5 
0.49 
16.5 
25.0 
SD 
15.1 
19.8 
0.5 
0.5 
10.3 
0.17 
5.2 
9.2 
SD/Mcan'100% 
2 1 . 8 % 
19.5% 
9.1 % 
6.5 % 
31.7% 
34.9 % 
31.4% 
36.8 % 
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Discussion 
Transcranial Doppler is a harmless method to evaluate the blood flow velocities in 
the basal arteries of the brain. The procedure of obtaining blood flow velocities 
from the main stem of the middle cerebral artery is easily learned. The use of car­
bon dioxide inhalation in low concentrations and in a limited time as in the pre­
sent experiment was well tolerated by all volunteers. In higher concentrations, 
however, carbon dioxide can give rise to transient neurovegative symptoms 
(Griez 1984). Therefore, it is important to give adequate information about the 
test procedure prior to the examination. The procedure is contra-indicated in per­
sons with a severely restricted pulmonary function and in persons with a recent 
myocardial or cerebral infarction. 
Ringelstein (1988) defined the VMR as the percentual difference in blood flow 
velocities during hyper- and hypocapnia. He proposes that their test is the most 
informative because the two point measurements by others does not consider the 
vasoconstrictive effects of hypocapnia. To that point of view one can oppose that 
in order to estimate the compensatory reserve capacity of the vasomotor reacti­
vity in patients with occlusive cerebrovascular disease, the potential for further 
dilatation of the precapillaries is the critical parameter to test. The constrictory 
potential of the precapillary bed in response to hypocapnia is not relevant in that 
respect. 
The observed change in blood flow velocity reflects the change in cerebral blood 
flow (Bishop 1986). This can be asserted because the influence of the arterial 
рСОг on the calibre of the middle cerebral artery can be neglected as shown on an 
angiographic study by Huber and Handa (1967). The use of carbogen is discussed 
by Quilitz (1988) because the main stem of the MCA constricts under the 
influence of highly increased oxygen tensions as noted by Meyers (1983). In the 
present study, administration of carbogen did induced a rise in end-tidal O2 con­
centration but during the procedure the end-tidal O2 concentration was 55 - 75 
vol.% and no highly increased oxygen levels were observed. 
The present study shows a significantly higher mean blood flow velocity in the 
MCA in women compared to men (see table 7.2.). This difference, however, did 
not result in a significant sex dependency of the VMR. Grolimund (1988) and 
Vriens (1989) also noted 10 % to 20 % higher blood flow velocities in women. 
Grolimund (1988) explained this difference by the smaller diameter of cerebral 
arteries in women. A lower blood viscosity in women was mentioned as another 
possible explanation. 
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In subsequent VMR measurements in the same session, we found no statistically 
significant lower vasomotor reactivity during the first sequence when compared 
to the second. However, in an individual case this difference could be striking. 
Therefore, from a clinical point of view a repeated measurement during the same 
session may be helpful to ensure the validity of an unexpected abnormal low 
VMR. Another important and well known phenomenon is reported by Quilitz 
(1988): the unavoidable hyperventilation after a hypercapnic procedure. Conse­
quently, at least several minutes must be taken into account prior to the investiga­
tion of the VMR in the contralateral MCA. 
Generally, wc found a 36 % to 40 % intra-individual difference in VMR between 
the left and right side and in subsequent measurements on the same side respec­
tively SD[A(L,R)] = 40.4 % and SD[A(1,2)] = 36.0 %. Moreover, the inter-indi­
vidual difference is almost as high [Δ(1,2)] (SD) = 36.8 %. These large and almost 
equal percentages indicate a true large physiological variability of the vasomotor 
reactivity or a large error introduced by the examination technique. They are 
much larger than the percentages mentioned by Widder (1986) and Ringelstein 
(1988) who noted intra-individual differences of respectively 10 % and 20 %. 
Variability may result from errors introduced by the measurements of the blood 
flow velocity and the end-tidal CO2. Furthermore, the variability can be attribu­
ted by the method of calculation of the VMR and finally it may be the result of 
several physiological parameters which influence the cerebral blood flow. Firstly, 
the errors introduced by the assessment of the blood flow velocity will be discus­
sed. 
The accuracy of the blood flow measurement by the TCD equipment depends on 
several factors. As noted in chapter 6 pulsed Doppler systems have a limited ca­
pacity to measure high blood flow velocities at a certain depth, due to a phenome­
non called aliasing. This may introduce an error in the blood flow calculation. 
However, the blood flow velocities at rest and during hypercapnia in relation to 
the depth of the sample volume in the MCA (55 to 65 mm) were far within the 
range of the capacity of the equipment to give a reliable measurement. The sample 
volume itself must be placed in the centre of the blood vessel, where the highest 
blood flow velocities can be observed. This is not a problem because the sample 
volume is much larger than the MCA vessel diameter and will, therefore, encroach 
the whole vessel. Standard transcranial Doppler equipment as we used in this 
study calculates the mean velocity from one cardiac cycle. Therefore, Widder 
(1986) and Ringelstein (1988) averaged the digital output signal of the Doppler 
device over a number of cardiac cycles and called it the time averaged peak Dopp­
ler shift. Averaging over a number of cardiac cycles, thereby reducing the effect of 
respiratory modulation, is seems a logical step to increase the accuracy of the 
measurement of the MV and consequently the VMR. However, as seen from 
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figure 7 1 the blood flow velocities on the monitor are stable during the normo 
capnic as well as the hypercapnic procedure and, therefore, in our study the 
influence of the respiratory modulation can be neglected 
The influence of the end-tidal CO^ measurement on the variability of the VMR 
will be moderate as one can expect from the SD values of the CO2 measurements 
The A(SD) during normo- and hvpercapma was respectively 9 1 % and 6 5 % (see 
table 7 4.). The Datex Normocap, as used in the present study, gives a very relia-
ble measurement Several times we checked the equipment by measuring pure car-
bogen and the display showed a percentage of 5 00 Although we administered 
carbogen in a closed system it can be seen from figure 7 1 that the end-tidal CO2 
was more or less in a steady state Vnens (1989) adrcssed the point that the VMR 
depends upon the stimulus range and as one can see from table 7 4 it was nearly 
always between the 5 0 vol % and 7 0 vol % In an attempt to optimize the valid-
ity of the VMR test, Widder (1986) related the MV at rest to a reference end-tidal 
CO2 level He reported surprisingly low percentages of intra-mdividual left/right 
differences (10 1 %) and differences between subsequent measurements (6 2 %) 
This contrasts to the present study, where correction for the VMR to a reference 
end-tidal volume CO2 revealed no statistically significant changes of the intra-
individual left/right difference and variability during subsequent sessions (table 
7 3 ) 
The calculation of the VMR may influence the variability During the test proce-
dure two more or less paired observations are recorded, respectively the blood 
flow velocity and end-tidal CO2 at rest and during hypercapnia In order to esti-
mate the VMR, four different methods can be used They are listed in table 7 1 
The relative increase in MV per the absolute increase in CO2 (method IV) was 
used in the present study As seen in tabic 7 4 the SD values of the VMR calcula-
ted with these four methods range from 31 4 % to 36 8 % Remarkably is the fact 
that the use of the relative increase of the MV has only a minor influence on the 
SD of the VMR, while the influence of the introduction of the end-tidal CO2 can 
be neglected Considerations to choose a method of calculation must primarily be 
based on the knowledge of the pathophysiology of the system under study As we 
know that the MV and end-tidal CO2 are closely related to each other we choose 
the method IV which included all the information of the measurements and 
accept, therefore, the somewhat larger SD value of 36 8 % 
As seen from table 7 4 the blood flow velocities range at normocapnia and hyper-
capnia respectively 21 8 % and 19 5 % Several physiological parameters influence 
the blood flow velocity and a large variability may, therefore, be assumed 
Amongst them are the arterial CO2 (Reivich 1964), O2 tensions (Meyer 1983) and 
the concentration of vasoactive substances (Siesjo 1978) They all have influence 
on the cerebral blood flow and show a complex interaction Alterations in CO2, 
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for instance, influence the buffer capacity of the brain extracellular fluid which 
may also have influence on the vasomotor control (Plum 1982). These factors 
mediate the peripheral resistance of the vascular tree and consequently the cere-
bral perfusion pressure. The blood flow velocity is primarily a result of the chan-
ges in cerebral perfusion pressure. The cerebral perfusion pressure in the presum-
ed healthy volunteers will be determined by the systemic blood pressure and the 
intracranial pressure. The latter might be neglected as an important factor in 
healthy individuals. The blood pressure normally vary instantaneously but the 
cerebral autoregulation influences the cerebral precapillaries to maintain a con-
stant cerebral blood flow (Lassen 1959). Schneider (1988) found a close relation-
ship between the actual MCA blood flow velocity and the intra-operative stump 
pressure. Correction of the MV to the instantaneous cerebral perfusion pressure 
might, therefore, significantly reduce the variability in blood flow velocity. 
In summary, the present study shows significantly higher MCA blood flow velo-
cities in women compared to men. No significant sex differences in VMR were 
found. The CO2 induced vasomotor reactivity measurement by transcranial 
Doppler has only a moderate reproducibility in presumed healthy young volun-
teers which may be attributed to the variations in blood flow velocities and not to 
the changes in end-tidal CO2. Due to the broad range of reference values only 
patients with a VMR lower than 7 %/vol.%, being two standard deviations below 
the overall VMR, can be regarded as having an abnormal low VMR. 
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CHAPTER 8 
Age dependency and influence of 
atherosclerosis on cerebral vasomotor 
reactivity in men 
Introduction 
As noted in the chapters 5 and 6 occlusive vascular disease is likely to become 
symptomatic in the fifth, sixth or seventh decade and reference values of the VMR 
in these age groups need to be established. Moreover, the crucial question arises, 
whether the process of atherosclerosis itself influences the VMR in the event of 
none or minor stenosis in the extracranial arteries. This question has clinical 
importance because in patients with a severe stenosis or occluded internal carotid 
artery, the VMR is often compared to the contralateral patent side which is also 
involved in the atherosclerotic process. Therefore, the contralateral patent side 
might not be an ideal reference side. These considerations prompted us to study 
the age dependency of the vasmotor reactivity in presumed normals of different 
age and in patients with proven atherosclerosis of the extracranial vessels. Since 
occlusive vascular disease is in our patients mainly diagnosed in men, the present 
study is restricted to males. 
Material and methods 
In order to study the age dependency of the VMR in both hemispheres, 30 pre-
sumed healthy males (mean age 44.0 range 19 to 77 years) were examined by TCD 
in combination with hypercapnia. The selection criteria of the volunteers are 
given in chapter 6. 
In order to study the influence of atherosclerosis on the VMR we were interested 
to compare the VMR of presumed healthy volunteers to the VMR in patients with 
occlusive vascular disease. Therefore, three groups with the same age range were 
selected and compared to each other: 
group A: 38 observations of the VMR in presumed healthy volunteers. 
group B: 32 observations of the VMR in patients with a patent ICA 
(diameter reduction less than 65 %) . 
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group С: 61 observations of the VMR in patients with an occluded ICA. 
Group A are consisted of 19 presumed healthy volunteers selected from the above 
mentioned 30 volunteers. To study the dependency, the data of the left and right 
MCA are mixed. Therefore, group A consists of 38 observations. Group В and С 
are part of a group of 86 patients who are described in detail in chapter 6. They are 
selected on the patency of the ICA and their age. 
The blood flow velocity measurement, hypercapnia procedure and data analysis 
are given in chapter 6. Since the blood flow velocity in the MCA is strongly 
dependent on the actual end-tidal CO2, the MV(0) and VMR were also calculated 
to an end-tidal volume of 5 vol.% CO2 respectively normalized MV(0) and nor­
malized VMR. 
Results 
Table 8.1. shows the age dependency of the MV, end-tidal CO2 and VMR in 30 
presumed healthy volunteers. The MCA blood flow velocity at rest and the end-
tidal CO2 show a significant decrease with advancing age. The VMR increases 
with advancing age but this relationship was not found for the normalized VMR. 
Figures 8.1., 8.2., 8.3. and 8.4. shows respectively an age dependency of the 
MV(0), end-tidal CO2 at normocapnia [CC^O)], VMR and normalized VMR (see 
discussion). 
Table 8.2. shows the data of the MV, end-tidal CO2 and VMR in respectively pre­
sumed healthy volunteers and patients with a patent and occluded ICA. Except 
Table 8.1. The age dependency of the mean blood flow velocity and end-tidal 
CO2 at rest and during hypercapnia in 30 presumed healthy men. 
Variable 
MV(0) 
Normalized MV (0) 
MV(2) 
CO 2 (0) 
C 0 2 ( 2 ) 
VMR 
Normalized VMR 
(cm/s) 
(cm/s) 
(cm/s) 
(vol.%) 
(vol.%) 
(%/vol.%) 
(%/vol.%) 
Mean 
54.5 
53.4 
81.8 
5.1 
7.1 
26.5 
27.1 
SD 
13.4 
12.9 
18.7 
0.69 
0.72 
9.7 
10.3 
Line of regression 
73.2-0.39-age 
61.4-0.17-age 
103.7-0.46-age 
5.9-0.02-age 
7.9-0.02 «age 
18.9+ 0.16· age 
24.6 + 0.05 »age 
Pearson 
correlation 
coefficient 
-0.44 
-0.20 
-0.37 
-0.38 
-0.38 
+ 0.25 
+ 0.07 
ρ value 
< 0.0003 
n.s.' 
<0.003 
< 0.003 
< 0.003 
< 0 . 0 5 
n.s.' 
ns — not significant 
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from the VMR no statistical differences between the three groups are found. The 
VMR differs significantly when presumed healthy volunteers and patients with a 
patent ICA are compared to patients with an occluded ICA. N o differences were 
found comparing presumed healthy volunteers and patients with a patent ICA. 
Table 8.2. The influence of atherosclerosis on the mean blood flow velocity, end-
tidal CO2 and VMR in age-matched presumed normal persons and 
patients with a patent and occluded ICA1. 
Group 
Including 
ICA 
Number 
Mean age (years) 
range (years) 
MV(0) (cm/s) 
MV(2) (cm/s) 
CO 2 (0)(vol.%) 
C0 2 (2) (vol.%) 
VMR(%/vol.%) 
A 
presumed normals 
presumed patent 
38 
59.5 
51-77 
50.2 SD 14.0 
76.7 SD 19.5 
4.9 SD 0.8 
6.9 SD 0.8 
27.7 SD 9.7 
В 
patients 
patent 
32 
62.3 
48-72 
52.1 SD 13.7 
79.4 SD 21.8 
4.6 SD 
6.8 SD 
0.5 
0.6 
24.5 SD 10.4 
С 
patients 
occluded 
61 
63.2 
47-72 
48.0 SD 13.6 
59.0 SD 16.7 
4.7 SD 0.5 
6.9 SD 0.5 
11.1 SD 8.1 
1
 N o significant differences were found between the T C D parameters in the different groups, 
except for the VMR when group A and В were compared to group С (ρ value < 0.0001). 
Discussion 
The decline in cerebral blood flow with advancing age has been well documented 
by both prospective and longitudinal analyses. The decrease is noted in the grey 
matter of the cortex, thalamus and basal ganglia and to a less marked degree in the 
white matter (Meyer 1983). The age related changes in cerebral blood flow are 
usually explained by the decrease in cerebral metabolism either due to the pro­
gressive loss of neurons or to a diminished metabolic demand of the residual neu­
rons. The present study shows a similar age related decrease of the blood flow 
velocity in the middle cerebral artery. This observation was previously noted by 
Arnolds (1986) and Vriens (1989). It must be realized, however, that TCD blood 
flow velocity measurements can only give an indication of CBF because the dia­
meter of the vessel under study as well as the flow pattern in the the vessel are not 
exactly known. Anatomical and angiographical studies show the tendency of the 
basal cerebral arteries to increase at older age, which may partly explain the obser­
ved decrease in blood flow velocity (Orlandini 1970, Toda 1980). 
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An unexpected finding was the age related decline of the end-tidal CO2 at rest. 
The age related decline of end-tidal CO2 was recently noted by Vricns (1989). 
Investigators have rarely given attention to the age dependency of the end-tidal 
CO2 at rest. This ignorance might be explained by the common textbook know­
ledge that the arterial рСОг is not age dependent (e.g. Nunn 1972). The CO2 is 
produced in the mitochondrial structures and the CO2 transport and excretion is 
complex. Age related changes of the end-tidal CO2 may be influenced by a 
decrease of body metabolism as well as changes in pulmonary function. To 
explain the reduction in end-tidal CO2, an increased stress sensitivity in the 
elderly might be presumed. This might lead to an increased breathing frequency 
and pulse rate with subsequent hyperventilation and a reduction of the end-tidal 
CO2. To establish hyperventilation one needs to know the breathing frequency as 
well as the tidal volume. The latter was not measured in the present study but the 
ventilation frequency and pulse rate in the younger and older group could be 
compared. Although no details are given here, no significant differences were 
found in these parameters between the two groups. So an increased stress sensiti­
vity in the elderly and subsequent hyperventilation does not seem to be the reason 
for the decline in end-tidal CO2. The decline of the end-tidal CO2 can serve as 
another explanation for the age related reduction in mean blood flow velocities in 
the basal cerebral arteries. 
The increase in VMR at older age is in the present study explained by the reduc­
tion of mean MCA blood flow velocity at rest which influences the VMR calcula­
tion (see figure 8.3. and 8.4.). When the VMR is calculated with a normalized 
blood flow velocity no age dependency can be observed. In recent literature, 
reports regarding the age dependency of the VMR estimated by TCD are spare 
(Markwalder 1984, Vricns 1989). Markwalder (1984) noted no distinctions 
between the CO2 induced vasomotor response in three different age groups. 
Vriens (1989) used hyperventilation to estimate the VMR. In this study the VMR 
appeared not to be a constant value but dependent on the stimulus range (e.g. 
рСОг) considered, however, no age dependency was noted. 
Several blood flow studies using the Xenon inhalation technique report the re­
lationship between age and the VMR provoked by hypercapnia (Yamamoto 1980, 
Davis 1983, Meyer 1983, Reich 1989). The studies show no general agreement on 
the age-related reduction of the VMR. The results of the TCD and CBF studies 
cannot be simply compared to each other. Firstly, as mentioned previously, the 
TCD measures blood flow velocities and not blood flow and secondly the CBF 
studies can discriminate between white and grey matter flow which is not possible 
with TCD. 
Table 8.2. shows the influence of atherosclerosis. N o significant differences in 
MV, CO2 or VMR between presumed healthy volunteers and patients with a 
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patent carotid artery are noted. It is, therefore, possible to compare a reduced 
VMR in a patient with occlusive vascular disease with the VMR of his own patent 
side. The highly significant differences in VMR in the hemisphere distally to a 
patent and occluded ICA were established in earlier reports by several authors 
(Bishop 1986, Widder 1986, Ringelstein 1988). It is worth remarking that from 
this particular study the blood flow velocity in the basal cerebral arteries itself 
cannot predict whether the VMR is normal or reduced. 
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CHAPTER 9 
Haemodynamical and clinical significance of 
internal carotid artery disease and 
the influence of the integrity of the circle 
of Willis 
Introduction 
Patients with cerebrovascular occlusive disease may experience neurological defi-
cits in the hemisphere ipsilateral to an occluded internal carotid artery. These 
events range from minor deficits to cases afflicted with a fatal stroke. This diver-
sity may be related to the blood supply via collateral pathways and the cerebral 
reserve capacity as mentioned in chapter 5. With transcranial Doppler the patency 
of the circle of Willis can be assessed which is the main intracranial collateral path-
way. Moreover, with TCD the response of the blood flow to hypercapnia can be 
estimated, which can be expressed in a so-called vasomotor reactivity. The VMR 
may be restricted or abolished in patients with an occluded ICA. In those cases 
the vasodilatation of the cerebral precapillaries is maximal and the abolished VMR 
indicates an exhausted cerebral reserve capacity (Bishop 1986, Widder 1986, Ring-
elstein 1988). In these patients transient falls in cerebral perfusion or minor embo-
li, which in the context of normal circulation would be of no consequence, will 
cause ischacmia (Schroeder 1988). As outlined in chapter 6, it is of clinical impor-
tance to identify not only patients with high grade stenoses or occlusions in the 
cerebropetal arteries, but also the VMR in both hemispheres. To what extent ste-
nosis in the extracranial vasculature in combination with the flow patterns in the 
circle of Willis influence the VMR is the subject of the present study. Furthermo-
re, the clinical value of the VMR was delineated in a retrospective study. 
Material and methods 
Patient population. 
To estimate the VMR in patients with severe atherosclerosis of the cerebropetal 
vasculature, 82 men and 4 women (mean age 64.4 years, range 36 to 84 years) in 
whom duplex scanning revealed an internal carotid occlusion are investigated 
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with TCD in combination with hypercapnia The details of the 86 patients are 
given in chapter 6 With duplex scanning full assessment of the carotid and verte-
bral arteries was made. Stenoses in the carotid territory were classified in 0 % to 
49 %, 50 % to 64 %, 65 % to 99 % and 100 % diameter reductions. Stenoses in 
the vertebral territory were classified in 0 % to 49 %, 50 % to 99 % and 100 % 
diameter reductions 
TCD examination of the circle of Willis 
The functional state of the circle of Willis was assessed with TCD in combination 
with temporary compression of the common carotid artery as described in chap-
ter 6. The four types of circle are described in table 6.1. and are illustrated in figure 
6.1 They are summarised briefly here, type I or the complete circle refers to the 
presence of a flow pattern indicative of both an ACoA and PCoA Type II and III 
or partial circles refer to flow patterns indicative of respectively an ACoA or 
PCoA. Type IV or the incomplete type refers to a flow pattern in which both the 
ACoA and PCoA are absent. 
Data analysis 
Blood flow velocity measurement, application of hypercapnia and calculation of 
the VMR are described in chapter 6. Vertical bars in the figures 9 1. and 9.2. indi-
cate the standard deviation of the mean. 
Results 
Table 9.1. shows the data concerning the grade of ICA stenosis and respectively 
the MV, end-tidal CO?, and VMR. Figure 9.1. and 9.2. show the graphical display 
Table 9.1 The relationship between ICA stenosis and the data of TCD exami-
nations m combination with hypercapnia 
Grade of ICA stenoses 
Number of observations 
MV(0) [cm/s] 
MV(2) [cm/s] 
end-tidal CO2(0) [vol %J 
end tidal C02(2) [vol %] 
V M R [ % / v o l % ] 
patent 
0 - 64 % 
69 
58 0 SD 16 1 
86 5 SD 23 5 
4 7 SD 0 6 
7 0 SD 0 6 
23 3 SD 9 6 
stenoscd 
65 - 99 % 
12 
52 2 SD 18 2 
71 3 SD 25 3 
4 7 SD 0 7 
7 1 SD 0 5 
14 3 SD 8 4 
occluded 
100% 
91 
48 1 SD 15 0 
60 2 SD 19 2 
4 7 SD 0 6 
7 0 SD 0 5 
11 7 SD 8 0 
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of the relationship between the ICA stenosis and respectively the MV(0) and 
VMR. Compared to the patent side (ICA stenosis of 0 % to 64 % diameter reduc­
tion) significant reductions in MV and VMR were noted on the hemispheres ipsi-
lateral to a stenosed (65 % to 99 % diameter reduction) or occluded ICA. Statisti­
cal analysis of this data is given in table 9.2. 
Table 9.2. Statistical analysis of data given in table 9.1. 
Comparison 
MV(0) 
MV(2) 
VMR 
n.s. = nol significant 
patent ICA vs 
stenosed ICA 
n.s 
n.s. 
ρ << 0.003 
patent ICA vs 
occluded ICA 
ρ < 0.0001 
ρ < 0.0001 
ρ < 0.0001 
stenosed ICA vs 
occluded ICA 
n.s. 
n.s. 
n.s. 
MV ( c m / s ) 
70· 
6 0 -
5 0 
4 0 
Figure 9.1. Blood flow velocity (at normocapnia) and standard deviation of the mean in the 
middle cerebral artery ¡n relation to the degree of stenosis in the ipstlateral internal 
carotid artery. 
Figure 9.3. shows the raw data of the VMR ipsilateral to respectively a patent and 
an occluded ICA. As seen from this figure, the VMR on the occluded ICA has a 
large range from 0 to 31. To study the impact of the integrity of the circle of Willis 
on the VMR, a subgroup of 34 patients was selected. This group consists of 
patients with an unilateral occluded ICA, a patent contralateral ICA and no hae-
modynamically significant stenosis in the vertebrobasilar arterial system. In this 
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group of patients the VMR distally to the occluded ICA was assumed to be deter­
mined by the integrity of the circle of Willis because no haemodynamically signif­
icant stenoses were observed in the main extracranial collateral routes. 
VMR ( I / v o l . I ) 
3 0 -
2 5 -
2 0 -
15-
10 
5-
0-64 Ζ 6 5 - 9 9 X 
Figure 9.2. Vasomotor reactivity and standard deviation of the mean in the middle cerebral 
artery in relation to the degree of stenosis m the ipsdatcral internal carotid artery. 
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Figure 9.3. Raw data of the vasomotor reactivity in the middle cerebral artery in relation to 
respectively a patent or occluded ipsilateral internal carotid artery. 
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Table 9.3. shows the relationship between the type of Willis circulation and the 
VMR in this subgroup of 34 patients. A significant decrease in VMR was noted 
when complete circles (type I) were compared to partial (type II and III) and/or 
incomplete circles (type IV). (p < 0.0025 for comparing type I versus II and III; ρ 
< 0.0005 for comparing type I versus IV). The analysis indicates a dependency of 
the VMR on the flow pattern over the circle of Willis. The integrity of the circle of 
Willis and the clinical status of the patients are also noted in table 9.3. 
Table 9.3. Relationship between the type of circle of Willis, VMR and clinical sta­
tus in 34 patients with an unilateral occlusion of the ICA and a patent 
contralateral ICA and vertebrobasilar arterial system. 
Circle of Willis 
Type 
Number of observations 
VMR (%/vol %) 
Cerebral asymptomatic 
Reversible cerebral 
ischaemic deficit 
Persistent cerebral 
ischaemic deficit 
Complete circle 
I 
8' 
21 3 S D 5 3 
7 
1 
-
Partial circle 
I l a n d H I 
21 2 
11 9 SD 7 0Λ 
7 
6 
8 
Incomplete circle 
IV 
5 
6 8 SD 5 I 4 
-
-
5 
1
 3 out of 8 showed transient retina! attacks 
2
 3 out of 21 showed transient retinal attacks 
' ρ < 0 0025 comparing complete and partial circles 
4
 ρ < 0 0005 comparing complete and incomplete circles. 
Table 9 4. The relationship between the clinical status and the VMR in the 
hemisphere distally to an occluded ICA in 34 patients with no haemo-
dynamically significant lesions in the contralateral ICA or vertebro­
basilar system. 
Clinical status 
Cerebral asymtomatic 
Reversible cerebral 
ischaemic deficits 
Persistent cerebral 
ischaemic deficits 
Number 
14 
7 
13 
Vasomotor reactivity 
Mean 
19.0' 
9 42 
8 7 
(%/vol %) Standard deviation 
7 8 
9 1 
7 0 
Significant difference when patients without cerebral deficits arc compared to those with a cere­
bral ischaemic deficit (p < 0 02 comparing asymtomatic patients and those having a reversible 
deficit, ρ < 0 0015 comparing asymtomatic patients and those having a persistent deficit) 
2
 N o significant difference when patients with respectively a reversible and persistent cerebral 
ischaemic deficit are compared to each other. 
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Patients with a complete circle showed no persistent cerebral ischacmic deficits. 
This is in contrast to patients with an incomplete circle who all suffered from per-
sistent ischaemic deficits. The relationschip between the VMR and clinical status 
is noted in table 9.4. Patients who experienced a reversible or persistent neurologi-
cal deficit showed a significant lower VMR compared to patients without clinical 
symptoms suggestive for cerebral ischacmia. 
Discussion 
The present study demonstrates the dependency of the VMR on adequate cerebral 
blood supply. If the internal carotid artery shows a diameter reduction of 65 % or 
more, the VMR declines if no effective collaterals are present. An ICA diameter 
reduction of 65 % or more can give a significant pressure drop distally to the 
lesion as shown by ocular pneumoplethysmography and direct measurement of 
the pressure gradient across the stenosis (Eikelboom 1985, Gee 1984, Sillesen 
1987, Schroeder 1988). If no adequate collateral circulation exists, the pressure 
drop across the ICA will result in a decreased perfusion pressure at the orgin of 
the MCA and a subsequently reduced VMR. The relationship between cerebral 
perfusion pressure and VMR was previously demonstrated by hypercapnia tests 
in normotensive and hypotensive dogs (Harper 1965). It must be realized, how-
ever, that particularly in patients with recent ischaemic deficits, the coupling 
between flow and metabolism can be disturbed (Powers 1985). In those patients 
the reduction in VMR might also be explained by a dysfunction of the autoregula-
tory system in the presence of a normal cerebral perfusion pressure. However, the 
majority of our patients, did not have recently a cerebral infarct and a normal 
coupling of cerebral blood flow and metabolism can be assumed. 
The decreased middle cerebral artery blood flow velocity in the case of a stenosed 
or occluded internal carotid artery can also be explained by a decrease in cerebral 
perfusion pressure. During carotid endarterectomy a close relationship was found 
between the MCA blood flow velocity and the cerebral blood pressure (Schneider 
1988, Padayachee 1986). Figure 9.3 shows that ipsilateral to an occluded ICA a 
normal VMR can be observed. From the present study it is clear that the integrity 
of the circle of Willis is the primary determinant of the VMR. A complete circle of 
Willis (type I) does not impair the VMR while an incomplete circle of Willis 
(Type IV) strongly reduces the capacity of the precapillary vessels to respond to 
carbogen. These findings are in accordance with a TCD study of Schneider (1988), 
who noted a positive correlation between intra-operative carotid artery back pres-
sure and a preoperatively well developed collateral circulation pattern over the 
circle of Willis. A circle of Willis exclusively based on one communicating artery 
(type II or III) cannot always maintain a normal physiological VMR. This state-
ment is not new: Jawad (1977) related Xenon 133 CBF studies and angiographic 
84 
assessment of the collateral circulation through the anterior part of the circle and 
concluded the same. Powers (1987) related the presence of artériographie flow 
through the circle of Willis and CBF studies with positron emission tomography. 
He concluded: "the simple presence of artériographie flow through the anterior 
part of the circle of Willis does not indicate adequate perfusion pressure and 
flow". The discrepancy between the observed flow and the inadequacy of main-
taining sufficient perfusion in the supplied hemisphere is probably due to the fact 
that the ACoA is a relatively narrow channel which connects the two wider A-l 
segments of the anterior cerebral artery (Saeki 1977). This concept is supported by 
blood flow velocity studies over the anterior part of the circle of Willis, which will 
be described in the next chapter. Furthermore, angiograpfic cross-filling via the 
contralateral ICA and the anterior part of the circle of Willis, did not correlate 
with stump pressures during carotid surgery nor with the clinical outcome of 
carotid ligation (Jawad 1977). 
Table 9.3. encounters the clinical data in relation to the type of Willis circulation. 
Although the number of patients is small and the data is gathered in a retrospec-
tive manner there is a striking difference between the frequency distribution of 
persistent neurological deficit in the groups with the complete and incomplete 
type. The same is true when the VMR of patients having no cerebral signs or 
symptoms are related to those with cerebral ischaemia (table 9.4.). Widder (1986) 
and Ringelstein (1988) noted a similar observation while Brown (1986) noted this 
relationship only in patients with continuing transient ischaemic attacks. Note in 
table 9.4. the large standard deviation of the VMR in patients who experienced 
neurological deficits. This indicates that in these groups patients have a VMR with 
a very wide range. Consequently patients with a persistent neurological deficit 
may have a normal VMR. The latter may be the result of the fact that when times 
goes by a reduced VMR may become in the normal range. Prospective studies will 
give insight in this phenomenon. 
Recently, Levine (1989) adressed the relationship between haemodynamically 
induced transient ischaemic attacks in the carotid territory and a reduced VMR. 
Therefore, the VMR may be used as a parameter to identify patients with occlu-
sive vascular disease who are at risk for hacmodynamic strokes. Embolic strokes 
may have as well a relationship with the VMR. Sillesen (1988) showed in animal 
studies that emboli in a vascular territory with an exhausted VMR induce larger 
cerebral infarcts than emboli in a vascular territory with a normal VMR. 
In conclusion: there is a strong pathophysiological relationship between the cere-
bral VMR, the severity of stenosis in the extracranial vasculature and the integrity 
of the circle of Willis. Furthermore, a reduced VMR is associated with neurologi-
cal deficits indicating that the observed reduced enhancement of the cerebral 
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blood flow to hypercapnia also may have a clinical significance. However, the cli-
nical value of the VMR in patients with occlusive vascular disease needs to be es-
tablished in prospective studies. 
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CHAPTER 10 
Haemodynamical significance of reversed 
and/or enhanced blood flow velocities 
in the peri-orbital vessels, basilar artery 
and anterior communicating artery 
Introduction 
Transcranial Doppler can be used to noninvasively determine the blood flow 
velocities in the basal arteries of the brain as well as the flow pattern in the circle of 
Willis (Padayachee 1986). Moreover, the CO2 induced changes in blood flow 
velocities estimated by TCD reflect the response of the cerebral vasculature. 
These properties of TCD make it an important tool with which to study the 
pathophysiological aspects of stroke. As outlined in chapter 6 the present TCD 
study was partly undertaken to elucidate the relationship between blood flow 
directions and blood flow velocities in the intracranial circulation and the VMR in 
patients with an occluded ICA. The collaterals studied were the peri-orbital arte-
ries (blood supply via the ipsilateral common and external carotid arteries), the 
anterior part of the circle of Willis (blood supply via the patent contralateral inter-
nal carotid artery), and the basilar artery (blood supply via the vertebrobasilar 
arterial system). 
Material and methods 
Patient population and examination techniques. 
Eighty-two men and four women (mean age 64.4 years, range 36 to 84 years) in 
whom duplex scanning revealed an uni- or bilateral ICA occlusion were investiga-
ted with TCD in combination with hypcrcapnia. The patients used in this part of 
the study are described in detail in chapter 6. The TCD data of these patients 
regarding the relationship of the VMR, the degree of the stenosis in the ICA and 
the type of circle of Willis are given in the previous chapter. 
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Peri-orbital blood flow studies. 
In order to study the relationship between the VMR and the peri-orbital blood 
flow direction, 74 patients were selected with an unilateral or bilateral ICA occlu­
sion without stenotic lesions of more than 50 % diameter reduction in the ipsilate-
ral common carotid (CCA) and external carotid arteries (ECA). In this group of 
patients, the flow direction in the peri-orbital vessels was assumed to be determi­
ned by the balance between the intracranial collateral circulation and the extracra­
nial circulation via the ipsilateral CCA and ECA. The estimation of the peri-orbi­
tal blood flow direction is described in chapter 6. 
Blood flow velocity studies in the anterior part of the circle of Willis. 
In order to study the relationship between the VMR and the blood flow velocity 
in the anterior part of the circle, 35 patients were selected who had an unilateral 
ICA occlusion, a patent contralateral ICA (ICA diameter reduction < 50 %) and 
a collateral blood flow via the anterior part of the circle of Willis (APC). The latter 
was shown by a reversed blood flow direction in the ipsilateral АСА, indicative 
for a flow via the anterior communicating artery (ACoA). Patients with a subse­
quent collateral circulation via the posterior communicating artery (PCoA) of the 
circle of Willis were excluded. Collateral circulation via the posterior part of the 
circle was assumed if contralateral CCA compression provoked an enhanced 
blood flow velocity in the ipsilateral posterior cerebral artery (PCA) indicative of 
a PCoA. If the VMR on the occluded side was not different from that of the 
patent side, the anterior part of the circle was considered as a functionally effective 
collateral. On the contrary, if the VMR on the occluded side was extremely low or 
zero compared to the patent side, the anterior part of the circle was assumed to be 
an ineffective collateral. The VMR was, therefore, calculated as the ratio of the 
VMR between the occluded side and the patent side (VMR index = VMR occlu­
ded side / VMR patent side). The index is expected to vary between 0.0 and 1.0. 
Values around zero reflect an ineffective anterior collateral circulation while 
values around 1.0 reflect an effective circulation via the anterior part of the circle. 
Basilar artery blood flow velocity studies 
The dependency of the mean blood flow velocity in the basilar artery and the 
VMR was studied in 62 patients with an unilateral or bilateral ICA occlusion and 
a patent vertebrobasilar arterial system (having no stenosis of 50 % or more in the 
one of the vertebral arteries nor having a flow reversal in the vertebral or basilar 
arteries). Because the basilar artery usually supplies both posterior cerebral arte­
ries and subsequently both hemispheres, the blood flow velocity was related to 
the sum of the VMR of the left and right side. Basilar blood flow velocities in 
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patients with a total sum of VMR between 0 %/vol% and 25 %/vol.% were com­
pared with patients with a sum between 50 %/vol.% and 75 %/vol.%. These two 
groups were chosen arbitrary because patients with a total sum of VMR between 
0 %/ о1.% to 25 %/vol.% are expected to have a severe stenosis or occlusion in 
the ICA without effective collaterals via the circle of Willis. This in contrast to 
patients with a total sum of VMR between 50 %/vol.% and 75 %/vol.% who are 
expected to have had an effective collateral circulation via the contralateral ICA 
and the circle of Willis. 
Data analysis 
The calculation of the VMR is given in chapter 6. Dotted lines in the figures 10.3. 
and 10.4. indicate 95 % confidence limits of the regression curves. 
Results 
Peri-orbital blood flow direction. 
In 74 patients the peri-orbital blood flow direction could be established on 110 
sides. Figure 10.1. shows the relationship between the peri-orbital blood flow 
percentage 
100 η 
5 0 -
0 - 4 9 X 6 5 - 9 9 Ζ 100 : 
I-igurc 10.1. The percentage of reversed blood flow direction in the pen-orbital arteries in rela­
tion to the degree of stenosis in the ipsilateral internal carotid artery. 
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direction and the grade of stenosis in the ipsilateral ICA. As seen from this figure 
a reversed peri-orbital blood flow occurs if the ICA has a diameter reduction of 65 
% or more. However, no differences in blood flow direction were noted when 
patients with an 65 to 99 % ICA diameter reduction were compared to those with 
an occluded ICA. Figure 10.2. shows an inversed relationship between reversed 
pcri-orbital blood flow and VMR. A physiological peri-orbital blood flow ipsila-
teral to an occluded ICA is thus indicative for a normal VMR and vice versa. 
percentage 
lOOn 
50 
0-6 7-12 13-18 19-24 25-40 iZ/vol.Z) 
Figure 10 2. The percentage of reversed blood flow direction in the pen-orbital arteries in rela-
tion to the vasomotor reactivity in the ipsilateral middle cerebral artery. 
Blood flow velocity in the anterior part of circle of Willis 
In 35 patients with an unilateral occlusion of the ICA and a patent contralateral 
ICA with reversed flow via the ACoA, the VMR index varied between 0.0 and 
1.0. Figure 10.3. shows the relationship between the peak systolic blood flow 
velocities in the anterior part of the circle and the VMR index (expressed in a third 
degree regression curve). The highest peak systolic blood flow velocities occurred 
between indices of 0.0 and 0.5. As seen from the 95 % confidence limits, blood 
flow velocities > 140 cm/s are associated with a reduced VMR index. There was a 
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statistically significant difference in blood flow velocities between patients with a 
VMR index between 0.0 to 0.5 (n=15) and 0.51 to 1.0 (n=20) (respectively 149.8 
cm/s [SD 31.4] and 123.0 cm/s [SD 35.3], ρ < 0.02). 
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Figure 10.3. The relationship between the peak systolic blood flow velocities in the anterior part 
of the circle of Willis and the vasomotor reactivity index. 
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Figure 10.4. The relationship between the mean blood flow veloaties in the basilar artery and 
the sum of the vasomotor reactivities of both hemispheres. 
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Basilar artery blood flow velocity. 
In sixty-two patients with a patent vertebrobasilar arterial system, an inversed 
relationship between the mean blood flow velocity in the basilar artery and the 
sum of the VMR of both hemispheres is observed and shown in figure 10.4. (ex­
pressed in a second degree regression curve). As seen from this figure blood flow 
velocities > 50 cm/s are associated with a reduced sum of the VMR on both 
hemispheres. The mean blood flow velocity in the basilar artery in patients with a 
total sum of the VMR between 0 %/vol.% and 25 %/vol.% (ineffective collateral 
circulation, n=16) differs statistically significantly from those with a value 
between 50 %/vol% and 75 %/vol.% (effective collateral circulation, n=6) (res­
pectively 55.0 cm/s [SD 12.7] and 41.0 cm/s [SD 11.2], ρ < 0.03). 
Discussion 
The present study indicates the relationship between the haemodynamical status 
of the hemisphere distal to an occluded ICA and the functional flow pattern in the 
basal cerebral arteries. The results are not surprising: reversed flow in the peri­
orbital vessels and anterior part of the circle of Willis, as well as increase of blood 
flow through the basilar artery are well known phenomena of collateral circula­
tion. However, if the collateral flow patterns are studied in combination with the 
vasomotor reactivity some interesting additional observations can be made. When 
the figures 10.1. and 10.2. are compared, it becomes clear why physiological peri­
orbital blood flow directions can be observed distally to an occluded ICA. In 
patients with a severely stenosed or occluded ICA, a physiological peri-orbital 
blood flow direction may be observed in about 30 % to 40 % (figure 10.1.). In 
these patients the VMR is presumably undisturbed as one can see in figure 10.2. 
This indicates an effective collateral circulation over the circle of Willis, bypassing 
the occluded ICA. Reversed peri-orbital flow directions can, therefore, give 
valuable additional information about the haemodynamical impact of ICA occlu­
sions. A reversed peri-orbital flow direction is indicative for a reduced cerebral 
perfusion pressure as shown by studies of Strik (1984), Powers (1987) and Sillesen 
(1987). The critical ICA diameter reduction associated with a significant pressure 
drop is 65 % (De Weese 1970, Eikelboom 1981). The above mentioned observa­
tions suggest a relationship between the cerebral perfusion pressure and the vaso­
motor CO2 response, recently shown in humans by Aaslid (1989) and in animals 
by Harper (1965). 
High blood flow velocities are frequently seen in the anterior part of the circle of 
Willis if this vessel segment acts as a collateral. If reduction of diameter of the 
anterior cerebral artery takes place, increased flow velocities are observed which 
become zero if the lumen is severely stenosed or occluded. Figure 10.3. is sugges-
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tive of a comparable mechanism. Because zero flow states were not taken into 
account, it starts with an almost normal blood flow velocity for a VMR index of 
0.0, then turns upwards to peak systolic blood flow velocities of about 160 cm/sec 
for a VMR index of 0.3 and then gradually decreases to values which may nor­
mally be seen in the anterior cerebral artery. This typical pattern is suggestive of a 
narrow vessel diameter in the anterior part of the circle of Willis. Three dimensio­
nal TCD scanning confirmed enhanced blood flow velocities at the site of the 
ACoA in the event of occlusions of the ICA (Niederkorn 1988) although small 
precommunicating segments of the АСА may induce similar flow enhancements. 
Blood flow enhancement in the basilar artery is also regularly seen in occlusive 
disease of the ICA. Normal mean blood flow velocities in this artery range from 
31 cm/s to 40 cm/s with a SD of 7 cm/s to 12 cm/s (Hennerici 1987, Otis 1987). 
The observed high flow states (> 50 cm/s) were associated with a reduced VMR, 
indicating that this compensatory blood flow is ineffective in maintaining normal 
cerebral haemodynamics. Abnormal high blood flow velocities in the basilar 
artery are, therefore, a sign of ineffective collateral circulation via the vertebroba­
silar arterial system. In fact, this study suggests that the basilar artery is probably 
too small to transport adequate amounts of blood in the case of severely stenosed 
or occluded internal carotid arteries. This is not surprising because normally the 
basilar artery carries 300 ml/min in contrast to the carotid arteries, carrying 350 
ml/min each (Meyer 1983). In the case of a severe stenosed or occluded ICA, inef­
fective collateral circulation to the middle cerebral artery results in a subnormal 
perfusion of this artery and subsequent dilatation of the precapillary vessels (Sy-
mon 1963). As a consequence, the resistance in the leptomeningeal anastomoses of 
adjacent irrigation zones of the middle and posterior cerebral arteries are low. 
Thus abnormal high flow velocities in the basilar artery can be explained by a rela­
tive narrow vessel diameter of the artery itself, as well as a reduced peripheral 
cerebral resistance in the adjacent irrigation zones. 
Transcranial Doppler through the temporal bone is not always possible. Racial 
differences, ageing, bony disease and postmenopausal hormonal changes 
influence the energy losses in the skull. In contrast, examination of the basilar 
artery is nearly always possible as well as the examination of the peri-orbital ves­
sels. When the duplex findings of the extracranial circulation are taken into 
account a prediction of the VMR can be given when the peri-orbital flow direc­
tion and the basilar blood flow velocity is known. 
In conclusion, the present study elucidates the pathophysiological relationship 
between the blood flow direction and flow velocities in the intracranial collateral 
pathways in patients with occlusions of the ICA. The study indicates that very 
high flow states in the anterior part of the circle of Willis, the basilar artery as well 
as reversed peri-orbital flow are associated with inadequate collateral circulation. 
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TCD examination of the above mentioned intracranial vessels and continuous 
wave Doppler examination of the peri-orbital vessels add valuable haemodynami-
cal information of patients with occlusive cerebrovascular disease. 
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CHAPTER 11 
Cerebral perfusion pressure and CO2 
induced vasomotor reactivity 
in cerebrovascular occlusive disease 
Introduction 
Transcranial Doppler studies in patients with occlusive vascular disease elucidate 
three phenomena in relation to the vasomotor response of the cerebral blood flow 
velocity to hypercapnia: 
1. A decreased VMR is indicative for a poor collateral blood supply via the circle 
of Willis to the hemisphere distal to an occluded internal carotid artery 
(Schneider 1988, chapter 9). 
2. A decreased VMR may be associated with local increased OER as shown by 
positron emission tomography and TCD (Herold 1988). 
3. From retrospective studies it became apparent that a decreased VMR is asso-
ciated with an increased incidence of transient as well as persistent neurologi-
cal deficits (Widder 1986, Ringelstein 1988, chapter 9). 
As noted in the chapters 5 and 6 the mechanism of the decreased VMR, in patients 
with occlusive cerebrovascular disease, is not fully understood. The most likely 
explanation for the abolished vasomotor response is the fact that the cerebral 
blood pressure is low and, subsequently, the precapillaries are dilatated. This 
explanation suggests a normal cerebral autoregulation with an exhausted reserve 
capacity. Another explanation for the reduced VMR is a defective cerebral autore-
gulation related to ischaemic or metabolic tissue damage as suggested by Brown 
(1986). In an attempt to clarify the decreased vasomotor response, the cerebral 
perfusion pressure (CPP) was related to the vasomotor reactivity. 
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Material and methods 
Patient population 
Fifty-five men and four women (mean age 67, range 36 to 84 years) in whom 
duplex scanning revealed an unilateral ICA occlusion were investigated with 
TCD and ocular pneumoplethysmography (OPG-Gee). TCD was performed in 
combination with hypercapnia to estimate the VMR in both hemispheres. OPG-
Gee is a non-invasive method for the estimation of the GPP at the level of the 
carotid syphon (Eikelboom 1981, Gee 1982). The patients were selected from a 
group of 86 patients who are described in detail in chapter 6. With duplex scan-
ning full assessment of the carotid and vertebral arteries was made and stenoses 
were classified in 0 % to 49 % (patent), 50 % to 99 % (stenosed) and 100 % dia-
meter reduction. 
Estimation and calculation of the VMR by TCD and hypercapnia as well as the 
OPG-Gee measurements are decribed in chapter 6. Briefly summarized OPG-
Gee is a modification of suction ophthalmodynamometry in which a bilateral 
simultaneous oscillogram of the eyes is registered with diminishing suction from 
300 or 500 mmHg (Gee 1977). It is essentially a written reproduction of the pulsa-
tions of the eye during different stages of vacuum applied. In this manner ophthal-
mic arterial pressures can be determined. For each patient an OSP, OSP/BSP ratio 
and OBSP index was calculated for both eyes respective to each test. In order to 
delineate the values in the normal range and the abnormal range a line of demarca-
tion as given by Gee (1982) was used. This line is shown in figures 11.1., 11.2. and 
11.3. The OBSP index is essentially the distance to the line of demarcation. If 
the OBSP index is above the line of demarcation it is positive and if below it is 
negative. 
Results 
In order to study the relationship between the VMR and CPP, the 59 patients 
were divided into three categories: 
category A: 22 patients with a patent ICA (diameter reduction 0 % to 64 %) 
and a normal VMR (18 %/vol.% to 35 %/vol.%). 
category B: 12 patients with an occluded ICA and a normal VMR (18 %/vol.% 
to35%/vol.%). 
category C: 25 patients with an occluded ICA and a reduced VMR (0 %/vol.% 
to l2%/vol .%) . 
96 
Table 11.1. shows the clinical and laboratory data and table 11.2. the statistical 
comparision of the three categories. Figure 11.1., 11.2. and 11.3. shows a scatter 
diagram of the relation between the OSP and BSP for respectively the categories 
А, В and C. 
Table 11.1. Data regarding ORG and TCD measurements in different catego­
ries. 
Category A В 
Number of observations 22 12 25 
Degree of ICA stenosis Oto 4 9 % occluded occluded 
Percentage of CVA' 9.9 25.0 20.0 
VMR(meanandSD%/vol .%) 23.73 SD 4.65 22.08 SD 4.05 6.00 SD 3.92 
OSP (mean and SD mmHg) 115.9 SD 14.9 105.5 SD 14.0 96.8 SD 15.3 
OSP/BSP(meanandSD) 0.71 SD 0.07 0.65 SD 0 06 0.57 SD 0.10 
OBSPindex + 6.1 SD 8.4 - 1 0 . 4 SD 12.8 15.5 SD 14.4 
Cerebrovascular accidents in hemisphere distally to the ICA. 
Table 11.2. ρ values of Student t-test comparing categories Λ, В and С 
Comparing 
VMR 
OSP 
OSP/BSP 
OBSP index 
A and В 
0.31 (ns) 
0.05 (s) 
0.02 (s) 
0.001 (s) 
A and С 
0.0001 (s) 
0.0001 (s) 
0.0001 (s) 
0.0001 (s) 
B a n d C 
0.0001 (s) 
0.10 (ns) 
0.02 (s) 
0.30 (ns) 
ns = not significant (ρ > 0.05), s = significant. 
In general the results show a clear dependency of the VMR on the CPP when 
patients with an patent ICA and a normal VMR (category A) were compared to 
patients with an occluded ICA and a reduced VMR (categories C) (figure 11.1). 
The OBSP index differs highly significantly (respectively + 6.1, SD 8.4 for cate­
gory A and - 15.5, SD 14.4 for category C, ρ < 0.0001 ). 
A remarkably significant difference in CPP was established when patients with an 
patent ICA and a normal VMR (category A) were compared to patients with an 
occluded ICA and a normal VMR (category B) (OBSP index for category A = + 
6.1, SD 8.4 and for category В - 10.4, SD 12.8, ρ < 0.001) (see figure 11.2.). 
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Figure 111 The relationship between brachial systolic pressure (BSP) and ocular systolic pres­
sure (OSP) in patients with a patent and occluded ¡CA with respectively a normal 
and reduced VMR [c q Categories A (open dots) and С (solid dots)]. 
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Figure 11.2. The relationship between brachial systolic pressure (BSP) and ocular systolic pres­
sure (OSP) m patients with a patent and occluded ICA, both with a normal VMR 
[c q Categories A (open dots) and В (solid triangles)/ 
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When the categories В and С were compared no significant differences in CPP 
were noted except from the VMR and OSP/BSP ratio (see table 11.2.). The dis­
tance to the line of demarcation (OBSP index) was respectively - 10.4, SD 12.8 for 
category В a n d - 15.5, SD 14.4 for category C, ρ < 0.30 (see figure 11.3.). 
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Discussion 
The OPG-Gee is an accepted noninvasive technique used to study the differences 
in blood pressure in the carotid arterial hemisystems due to carotid artery disease 
(Gee 1985). The ophthalamic blood pressure is a reliable reflection of the blood 
pressure at the level of the carotid syphon, as shown in simultaneous measure­
ments of the intraoperative stump pressures and OPG pressures in carotid endar-
tectomies (Eikelboom 1981). The CPP is defined as the difference between the 
mean systemic blood pressure and the mean intracranial pressure (ICP). The 
patients under study did not have any signs of a raised ICP, therefore, the OPG-
Gee parameters could be used as an indicatiori for the CPP. 
Lassen (1959) was the first to establish the concept of cerebral blood flow con­
stancy within the physiological limits of the systemic arterial blood pressure. 
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Nowadays cerebral autoregulation is a well documented fact If the CPP falls 
below the physiological limits, a compensatory cerebral vasodilatation is observed 
and subsequently the cerebral vasomotor response to carbon dioxide is expected 
to decrease. This was orginally shown by Harper (1966) and Symon (1973) in ani­
mal studies A reduced systemic and cerebral arterial blood pressure provoked by 
exsanguination resulted in a decrease of the VMR. Under such stressfull con­
ditions the relationship between arterial blood pressure and VMR is easily appre­
ciated. In humans, however, under considerable less stressfull conditions, such as 
a longstanding gradual reduction in CPP due to occlusive vascular disease, this 
relationship is not often studied 
Recent transcranial Doppler studies which assess the VMR by hypercapma do not 
indicate a pressure dependency of the VMR in the event of patent carotid arteries 
(Markwalder 1984, Widder 1986) If, however, the cerebral perfusion pressure 
decreases below the physiological range due to occlusive vascular disease of the 
carotid arteries, a pressure dependent relationship can be observed as seen in 
figure 11.1. The VMR is clearly pressure dependent when patients with a patent 
ICA and a normal VMR are compared to those with an occluded ICA and a redu­
ced VMR The reduced cerebral perfusion pressure is the result of inadequate col­
lateral blood supply and suggests an incomplete circle of Willis. The close rela­
tionship between MCA perfusion pressure and collateral circulation patterns via 
the circle of Willis was recently established by TCD and angiographic studies 
(Schneider 1988, Spet7ler 1983, chapter 9) 
Although the aforementioned relationships strongly indicate the reduced CPP as 
being the cause of the diminished VMR, some authors argue that ischaemic defi­
cits may be the cause of the reduced VMR (Brown 1986). And indeed disturban­
ces of the cerebral autoregulation including a loss of local coupling of flow and 
metabolism are observed within and outside regions with ischaemic infarcts (Po­
wers 1985) The latter may involve large parts of the ipsilateral as well as the con­
tralateral hemisphere and is called cerebral diaschisis Takano (1988) studied 
patients with small deep lacunar infarcts. In areas with diaschisis he noted an 
excessive resting vasoconstriction of the arterioles, due to local decrease of 
metabolic function and subsequent decrease of CO2 tissue elaboration. In these 
areas hypercapma resulted in an increased regional cerebral blood flow response. 
Therefore, cerebrovascular disease can significantly alter the normal CO2 re­
sponse. 
The present study reveals another important observation when patients with an 
occluded ICA and respectively a normal and reduced VMR are compared (respec­
tively category В and C) Patients with a normal VMR are expected to have a 
higher CPP compared to those with a reduced VMR Table 11.1. indeed shows a 
difference in OBSP index, but the difference is not statistically significant (see 
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table 11.2). The conclusion is, therefore, allowed that the reduced VMR is not 
exclusively dependent on the cerebral perfusion pressure. Ischaemic cerebral 
damage and subsequent alteration of the cerebral autoregulation, might explain 
this discrepancy. In the present study no regional CBF nor metabolic measure­
ments were performed. However, the clinical data showed no significant differen­
ces in frequency of cerebrovascular accidents which might indicate ischaemic 
cerebral damage. The frequency of cerebrovascular accidents was nearly the same 
for both categories (category В 25.0 %, category С 20.0 % ) . 
The comparison of data regarding the patients with a normal VMR and respecti­
vely a patent or an occluded ICA (figure 11.2.) is of great interest. A normal VMR 
is observed in combination with a significant decrease in OSP, OSP/BSP ratio and 
distance to the line of demarcation. Altered sensitivity of the cerebral autoregula­
tion seems an appropriate explanation of the mechamism behind this phenome­
non. A shift of the limits of the cerebral autoregulation was established by Strand-
gaard (1976). He noted a shift to higher limits of the cerebral autoregulation in 
longstanding severe hypertension. Analogously one can hypothesize that distally 
to an occluded ICA with a poor collateral circulation, a chronic hypotensive state 
will be observed which results in a downward shift of the limits. Therefore, a nor­
mal VMR can be observed at a lower CPP. This observation might have a clinical 
relevance: patients with a tight ICA stenosis, a low CPP and an absent VMR 
might not tolerate peracute restoration of the CPP to normal levels, by e.g. caro­
tid endarterectomy. Recently, Piepgrass (1988) drew attention to the "hyperper-
fusion breakthrough syndrome" which may occur after carotid endarterectomy. 
The syndrome describes cerebral hypcrperfusion within several hours after caro­
tid endarterectomy and is associated with severe unilateral headache, fits and in 
some instances intracranial haemorrhages. He stresses in the discussion the fact 
that nearly all these hypcrperfusion syndromes occurred in high grade stenosis 
(90 % to 99 %) in combination with a poor collateral circulation indicating a 
chronic low cerebral perfusion state. Consequently, due to the shift of the limits 
of the cerebral autoregulation these patients are at risk when operative reconstruc­
tions acutely rise the blood pressure in the vulnerable cerebral circulation. Para­
doxically patients whom, from haemodynamic point of view, most need a vascu­
lar reconstruction are, those who are at risk from this complication. Similar events 
were reported after surgical removal of an arteriovenous malformation (Spetzler 
1978) and ЕС-IC bypass operation (Heros 1984). The aetiology of the hypcrper­
fusion syndrome is however debated. Hassler (1986) observed with TCD the 
postoperative course of the blood flow velocities in the basal cerebral arteries after 
resection of cerebral angiomas and did not observe any hypcrperfusion syndro­
me. He concluded that the hypcrperfusion syndromes as noted by Spetzler (1978) 
are probably due to the incomplete resection of the angioma rather than a "hyper-
perfusion breakthrough syndrome". Detailed TCD studies of the course of the 
blood flow velocities after vascular reconstructive surgery have not been publish-
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ed until now but hyperperfusion is known to occur after carotid endarterectomy 
(Schneider 1988, Laman 1989 personal communication). 
In conclusion: when patients with a normal VMR in the hemisphere distal to a 
patent ICA were compared to those with a reduced VMR distal to an occluded 
ICA, a clear dependency between the CPP and VMR could be observed. How-
ever, a reduced cerebral perfusion pressure in the hemisphere distal to an occluded 
ICA does not always indicate a reduced VMR. In a number of patients a reduced 
cerebral perfusion pressure can be found in combination with a normal VMR. 
This observation might be explained by a shift of the cerebral autoregulation to 
lower limits. If the CPP as well as the VMR are both reduced, peracute restoration 
of the cerebral blood pressure in the chronically low perfused brain areas might 
result in post operative hyperperfusion syndromes. Transcranial Doppler in com-
bination with OPG might be of great value in the assessment of patients with 
occlusive vascular disease and increases the knowledge of the pathophysiological 
sequelae after vascular reconstructive procedures. 
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CHAPTER 12 
General discussion and recommendations 
Cerebrovascular disease refers to a pathological condition of the brain induced by 
ischaemia or bleeding, or in which the cerebral vessels are primarily involved in a 
pathological process. The clinical deficit which accompanies this cerebral insult is 
called a stroke. Although the incidence of strokes is decreasing in the developed 
countries it is still number three on the list of causes of death. The circulatory 
events leading to stroke are primarily due to the pathology of the vessel wall. In 
the developed countries atherosclerotic plaque formation is the main cause of ves-
sel wall abnormalities. 
The vessel wall is a metabolic active tissue influenced by several factors such as the 
hydrostatic pressure, blood flow pattern and also blood composition. Abnormal 
genetic patterns as well as environmental factors influence the delicate metabolic 
processes, and may both play a significant role in plaque formation. If the plaque 
leads to a severe diameter reduction of the vessel lumen, the blood flow to the 
organs is jeopardized and ischaemic infarcts will occur. However, stroke is more 
often the result of the disruption of plaque debris into the circulation. These 
emboli occlude the vascular tree distally to the disrupted vessel wall. They may 
orginate from the cerebropetal vessels as well as from the heart. Sometimes vessel 
wall ulcers induce local thrombosis also resulting in cerebral infarctions. From a 
haemodynamic point of view, the brain can be protected in two ways. Firstly, the 
collateral circulation may compensate for a decrease in blood supply. Secondly, 
the cerebral autoregulation may compensate for the decline in perfusion by dilata-
tion of the precapillary arteries. If the perfusion pressure further declines, the 
jeopardized neuronal tissue is able to extract more oxygen from the blood. When 
this mechanism reaches its limitations, further decline of cerebral blood flow will 
lead to ischaemia. 
Based on this knowledge several preventive and therapeutic procedures have been 
worked out: prevention of thrombo-embolic processes, resolution of clot forma-
tion, optimalization of the haemorrheological properties of the blood and protec-
tion of the cerebral tissue by drugs. Surgical procedures are used to optimize the 
cerebral circulation or to remove embolinogenic plaques. A discussion of the dif-
ferent therapeutic regimes is beyond the scope of the present thesis and conflicting 
data exist as to their effectiveness. Aspirine is effective in preventing thrombo-
embolic processes and patients experiencing TIA's and strokes from embolic ori-
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gin benefit from this drug. In the case of cardiac emboli, anti-coagulants are the 
treatment of choice and nowadays non-valvular atrial fibrillation heads the list of 
conditions leading to embolic strokes. The massive influx of calcium as a final 
result of the cascade of pathophysiological reactions leading to ischaemic cell 
damage may be prevented by calcium re-entry blockers. Recently, thrombus-spe-
cific thrombolytic enzymes, which resolves clots more effectively than the pre-
vious known fibrinolytica, are under study. 
The surgical prevention of disruption of emboli is resection of atherosclerotic 
ulcers. Although carotid endarterectomy is one of the most performed vascular 
procedure in the U.S.A., the operation is still a controversial issue. Operative 
interventions can also be performed for haemodynamic reasons. Construction of 
an extra - to intracranial anastomosis, bypassing an occluded internal carotid arte-
ry, (ECIC bypass) or carotid endarterectomy of high grade stenosis are two 
examples. Although the latter operation is an efficacious technique in order to 
preserve longterm patency of the internal carotid artery both operations have still 
not proven to be effective in preventing strokes. 
The aforegoing is the background of the present study and the results of this thesis 
need to be embedded against the questions which arise from the above mentioned 
different approaches to prevent thrombo-embolic processes. Surgeons have not 
convinced the neurologists of the efficacy of surgical procedures to prevent 
ischaemic strokes, causing a curious phenomenon. Disputes in the literature are 
dominated by those adressing the embolic theory on the one hand and others who 
stress the haemodynamic theory. However, haemodynamic and thrombo-embo-
lic processes are closely related to each other and cannot be discussed separately. 
Firstly, the plaque formation occurs primarily at sites in the arterial tree with tur-
bulent flow patterns with low shear rates, indicating a close relationship between 
streamlines and plaque formation. Secondly, emboli ascending from ulcerated 
plaques are more likely to occur in high flow than in low flow states in the cere-
bropetal arteries. And thirdly the dislodged embolus which occludes the cerebral 
arterial tree will result in more ischaemic damage in the event of an exhausted 
cerebral autoregulation. 
Occlusive vascular disease is a good model to discuss the haemodynamical and 
embolic theories. The occlusion of a tight stenosis of the internal carotid artery is 
often preceded by signs or symptoms indicative for emboli. The most prominent 
feature is amaurosis fugax and often small cholesterol emboli are observed in the 
retina. Once the artery is occluded most patients no longer experience these 
embolic related events and only a minority of patients experience haemodynam-
ically related events. Patients without an adequate collateral circulation may have 
a fatal stroke if the carotid artery occludes, but often the very high flow in the 
carotid artery prevents local trombosis. However, in some patients cardiac emboli 
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may suddenly occlude the stenosed vessel with a devastating stroke as a result. In 
the event of an adequate collateral circulation the pressure drop over the stenosed 
segment will be gradually counter balanced by perfusion via collaterals. This leads 
to a relatively low flow at the tight stenosis, resulting in a relatively early occlu-
sion of the stenosis. In the majority of the patients this type of occlusion will be 
well tolerated. 
Whether the cerebral collateral circulation is capable of adjusting to the changing 
haemodynamics in the event of progressive stenosis of the cerebropetal vessels is a 
challenging question. Sudden occlusion of an internal carotid artery may not be 
compensated through the communicating arteries at the base of the brain, but 
chronically induced changes may increase the collateral capacity of the circle of 
Willis. Thus the natural history of a patient with cerebrovascular occlusive disease 
is determined by multiple factors and the risk of a recurrent stroke is extremely 
difficult to predict. Moreover, the risk of an embolic stroke may change into a 
haemodynamic stroke risk if occlusion of a major extracranial vessel occurs. Fur-
thermore, one has to keep in mind that the main cause of death in patients with 
atherosclerotic cerebrovascular disease is a myocardial infarction and not a recur-
rent fatal stroke. Therefore, patients who present with a temporary or persistent 
neurological deficit need to have a check up of both their neurological and cardiac 
status. 
Most surgical studies relating the symptomatology of the patients to the severity 
of the lesions in the extracranial vessels, do not encounter the haemodynamic 
impact of the stenosis on the cerebral circulation. This might be an important rea-
son why studies regarding the vascular reconstructions failed to prove beneficial. 
There is, therefore, a need to predict the embolic and haemodynamic stroke risk 
in patients with transient ischaemic attacks and it is here were the transcranial 
Doppler comes into the discussion. TCD is a new tool to answer questions regar-
ding the pathophysiology of stroke. The possibility of studying on line cerebral 
heamodynamics in patients with atherosclerosis was realized by Aaslid who 
introduced transcranial Doppler sonography in 1982. TCD makes it possible to 
study registrations of the cerebral blood flow velocities in different parts of the 
intracerebral vascular tree. The intracranial collateral pathways can be assessed, 
intracranial stenosis can be detected and the haemodynamic impact of stenosis 
and occlusion on the cerebral autoregulation can be estimated. TCD can quantify 
the haemodynamic part of the stroke and, therefore, it can play a key role in re-
ducing the dichotomy between the embolic and haemodynamic theory. Some 
recent experiments show that emboli can also be insonated by TCD, giving a 
characteristical enhanced signal, so it may even be a tool to quantify the emboli 
frequency in the cerebral blood vessels. And although these observations are only 
preliminary they need to be thoroughly studied because it may be possibile to 
evaluate the risk of dislodging emboli from different types of vessel wall lesions. 
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The present study assesses the value of TCD to study cerebral haemodynamics. 
Cerebral haemodynamics are dictated by the metabolic demands of the brain. As 
known from positron emission tomographic studies, the coupling of metabolism 
and flow is on a regional level indicating that different parts of the brain have a dif-
ferent flow state. The continuous process of distribution of the cerebral blood 
flow to the metabolically active areas is realized by a complex system controlling 
the diameter of the different parts of the vascular tree. Although the whole vascu-
lar tree from the heart to the cerebral capillaries has the capacity of changing its 
tonus, the cerebral precapillaries play an important part in the distribution of the 
cerebral blood flow. Moreover, the constriction of the precapillaries protects the 
vulnerable cerebral capillary tissue against a too vigourous cerebral perfusion 
pressure. The cerebral blood flow regulation can be studied by provoking an 
overall vasomotor response of the cerebral precapillaries and in the present studies 
provocation by hypercapnia was used. Carbon dioxide is a physiologic gas and 
induces a strong vasodilatation of the cerebral precapillaries. Adverse reactions to 
carbon dioxide inhalations are neurovegetative symptoms but in the majority of 
the patients these reactions were absent or only mild. No studies were performed 
in patients with a recent cerebral or cardiac infarction because they might expe-
rience infarcts in the ischaemic areas due an abnormal autoregulation and a subse-
quent intracerebral steal syndrome. 
The reason for the choice of a hypercapnic procedure instead of a hypocapnic 
procedure in order to establish the vasomotor reactivity, was the fact that the 
hypercapnic procedure quantifies the capacity of the cerebral vessels to dilatate to 
a physiological stimulus. The latter represents the reserve capacity of the autoreg-
ulatory system to cope with temporary decreases in cerebral perfusion pressure 
because reductions in perfusion pressure are counterbalanced by dilatation of the 
cerebral precapillaries. Hypocapnia, however, induces a marked decrease of the 
cerebral blood flow and this response will theoretically be present in patients with 
and without maximal vasodilation of the precapillaries. Hypocapnia will, there-
fore, not be able to distinguish patients with an exhausted reserve capacity from 
those with a normal capacity. 
As shown in the present study, the VMR established with hypercapnia only has a 
moderate reproducibility in young healthy volunteers. Because the mean blood 
flow velocity is strongly influenced by the end-tidal CO2, which varies in our 
study between the 3.5 % and 6.0 vol.%, the reproducibility of the VMR was 
expected to be influenced by a normalization of the mean blood flow velocities at 
rest to a end-tidal CO2 of 5 vol.%. However, the normalized VMR did not 
actually increase the reproducibility. The moderate reproducibility of the VMR is 
probably largely determined by the physiological broad range of the blood flow 
velocities in the basal cerebral arteries. 
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In young healthy volunteers no sex difference in the VMR is found although the 
mean blood flow velocity in women is significantly higher compared to men. The 
higher blood flow velocities in women are related to a number of causes e.g. the 
reduced vessel diameter and the decreased blood viscosity. Occlusions of the ICA 
are mainly observed in men and the ratio men to women in the present study was 
80 : 6. This was the reason to study the age dependency and the influence of ather­
osclerosis on the VMR exclusively in men. It is clear from the present study as 
well as from several other TCD studies that there is an age related decrease of the 
mean blood flow velocities in the basal arteries of the brain. This is merely attribu­
ted to two factors: the decline in cerebral metabolism and the increase in vessel 
diameter. In the present study we found a remarkable phenomenon of the age 
dependency of the end-tidal CO2. It is common textbook knowledge that the 
arterial рСОг is not age dependent. Hyperventilation due to a decreased stress 
resistancy in the elderly seems a logical explanation but the ventilation frequency 
and heart rate did not indicate to this mechanism. The aetiology of the decrease of 
the end-tidal CO2 at older age is, therefore, not resolved. 
Due to the age dependency of the mean blood flow velocity, the VMR is higher at 
an older age. However, the VMR is no longer influenced by age when the mean 
blood flow velocity at rest is normalized to an end-tidal CO2 of 5 vol.%. From the 
above mentioned studies it is clear that a VMR below 7 %/vol.%, being two stan­
dard deviations below the overall VMR can be regarded as abnormally low. 
The present study shows that the atherosclerotic process itself does not influence 
the VMR, if the cerebral blood flow to the brain is not jeopardized by tight steno­
ses in the extracranial vessels. This important observation allows the use of the 
VMR in a hemisphere ipsilateral to the patent ICA as a reference value, in a patient 
with a contralateral occlusion or tight stenosis of the internal carotid artery. If, 
however, the circulation to the brain is reduced, the VMR will significantly 
decrease. The reduction in VMR occurs when the internal carotid artery has a di­
ameter reduction of more than 65 % in combination with an inadequate collateral 
circulation pattern via the circle of Willis. A reversed peri-orbital flow direction 
and an increased blood flow velocity in the anterior part of the circle of Willis 
and/or basilar artery are indicative of a reduced VMR. These enhanced blood flow 
velocities in the intracranial collateral channels can be explained by an increased 
cerebral blood flow through the relative narrow intracranial vessels and the 
decrease in peripheral resistance of the cerebral precapillary network. The reduc­
tion in VMR is related to the decrease in cerebral perfusion pressure as noted in 
the OPG study (chapter 11 ). 
In the OPG study another interesting phenomenon became clear: a normal VMR, 
distal to an occluded ICA, can be observed in the case of a reduced cerebral perfu­
sion pressure. This observation might be explained by a shift of the pressure limits 
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of the cerebral autoregulation In the case of a chronical hypoperfusion, the limits 
will shift towards a lower perfusion pressure, resulting in a normal VMR In a 
minority of the patients a normal or moderate cerebral perfusion was associated 
with an abnormal low VMR This might be explained by cerebral tissue damage 
and subsequent loss of autoregulation 
In patients with both an abnormally low cerebral perfusion pressure and VMR, 
the autoregulation no longer has the ability of coping with alterations of the cere-
bral perfusion pressure It is known from clinical studies that after carotid endar-
terectomy, a hyperperfusion syndrome will occur in the case of longstanding 
chronical cerebral hypoperfusion This might lead to fits and even intracranial 
haemorrhages Prom the present studies it might be suggested that these syndro-
mes are likely to occur if a low perfusion pressure is associated with a reduced 
VMR If autoregulation is adapted to these lower limits for a long time, abrupt 
restoration of pressure by surgical intervention cannot be counterbalanced by the 
cerebral autoregulation In these patients vascular reconstructive procedures 
might be dangerous 
Nowadays retrospective clinical studies show the relationship between a reduced 
VMR and the frequency of transient ischaemic attacks However, the relationship 
must be defined in prospective studies If the VMR is indeed a parameter to pre-
dict stroke risk it can be used to select patients for vascular reconstructive surgery 
Therefore, it is strongly advised to use TCD in the evaluation of patients with 
atherosclerosis to resolve the pathophysiology of stroke and subsequently to 
optimize the treatment of this devastating disease 
Based on the present TCD studies, three lines of clinical and pathophysiological 
investigations can be worked out. 
1 A prospective study of the value of the VMR to predict the risk of cerebrovas-
cular disease in patients with atherosclerosis of the extracranial vessels Spe-
cial attention should be given to the relationship between the extension of 
embolic infarcts and the pre-infarct VMR (dynamical blood flow studies are 
necessary to estimate the infarct size) 
2 A study of the changing haemodynamics during carotid cndartercctomies 
Special attention should be given to the relationship between blood flow ve-
locities, vasomotor reactivity, stump pressure, electroencephalography and 
the morbidity of strokes Moreover, per-operative manipulation of the 
carotid artery and its blood flow can result in emboli which may be detected 
by TCD 
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3. A study of the incidence and morbidity of the hyperperfusion-syndrome 
after carotid endartcrectomy. Special attention should be given to the pre-
operative VMR, the degree and duration of the hyperperfusion and the post-
operative clinical course. 
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Summary 
The present study defines the value of transcranial Doppler blood flow velocity 
measurements in patients with occlusive vascular disease In these patients the 
cerebral perfusion may be jeopardized if the collateral circulation to the brain, 
mainly via the circle of Willis, becomes insufficient The decrease in cerebral per-
fusion is counterbalanced by the cerebral autoregulation, which prevents a decline 
of cerebral blood flow by dilatation of the cerebral precapillary arteries. Once this 
mechanism is exhausted the brain is capable of extracting more oxygen from the 
blood But when the oxygen extraction is maximal, ischaemic damage to the neu-
ronal tissue is likely to occur by any event that further stresses local cerebral cir-
culation. The latter may be provoked by emboli, haemodynamical alterations, or 
both 
To study the functional impairment of the cerebral circulation, carbon dioxide 
was used CO2 is a potent vasodilatator and normally enhances the cerebral blood 
flow in both hemispheres In patients with severe stenosis or occlusion of the 
cerebropetal vessels this so-called vasomotor reactivity may be reduced or even 
abolished The pathophysiological explanation of the limited VMR is that the 
cerebral autoregulation induces a regional vasodilatation of the cerebral precapil-
laries, thereby restricting the remaining dilatatory capacity Thus TCD can be 
used to study the VMR by blood flow velocity measurements in the middle cere 
bral artery in combination with hypercapnia The VMR is expressed as the relative 
increase in MV per absolute increase in end-tidal volume CO2 during the hyper-
capnic procedure. 
The literature study (Part I) comprises the anatomy of the collateral circulation to 
the brain (chapter 1), the basic haemodynamics of the arterial system (chapter 2), 
the regulation of the CBF (chapter 3), the atherosclerosis of the intra - and extra-
cranial vessels (chapter 4) and the TCD approach of the cerebral circulation (chap-
ter 5). In part II six chapters are dedicated to several aspects of the estimation of 
the VMR by TCD sonography in combination with hypercapnia Chapter 6 pre-
sents the study-design. In chapter 7 to 11 the results of our own investigations are 
discussed. Chapter 12 is a general discussion with recommendations for further 
studies 
A study of young healthy volunteers to assess possible sex difference and the 
reproducibility of the VMR is described in chapter 7 Although significantly high-
er MCA blood flow velocities are found in women as compared to men, no sex 
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difference in VMR was noted The intra-individual \anability of the VMR meas-
ured on the left and right side and the variability of the VMR in each subject in 
subsequent sessions is respectively 40 4 % and 36 0 % Normalization of the MV 
to an end-tidal CO2 of 5 vol % does not sigmficantlv increase the reproducibility 
It is concluded that the reproducibility of the VMR in presumed healthy persons 
is only moderate and that the VMR below 7 %/vol % (being two standard devia-
tions below the overall mean VMR of 25 0 %/vol % [SD 9 2]) can be classified as 
an abnormal low value of the VMR 
In chapter 8 the age dependency and the influence of atherosclerosis in men on the 
VMR is described A significant decrease of the MV at older age and subsequently 
an increase in VMR is observed The latter increase disappeared when the VMR is 
normalized to an end-tidal CO2 at rest of 5 vol % The age dependency of the 
end-tidal CO2 is remarkable and unexplained When presumed healthy men are 
compared to patients with proven atherosclerosis, no influence of atherosclerosis 
on the VMR can be established The clinical conclusion is, therefore, that a patient 
with a reduced VMR in the hemisphere distal to an internal carotid artery with a 
hacmodynamically significant stenosis can be compared to the VMR of his own 
contralateral MCA as a reference value (given a patent contralateral ICA) If both 
arteries arc severely stenosed calculation of the VMR of the patient must be com-
pared with an age matched control 
In chapter 9 the relationship between the VMR and respectively the degree of ste 
nosis in the ICA and the functional circulation pattern of the circle of Willis is 
estimated With TCD sonography, 4 types of functional flow patterns are defined 
distally to an occluded ICA The complete circle (type I) has a flow pattern indi-
cative for an anterior as well as a posterior communicating artery The partial cir-
cles (type II & III) have exclusively an anterior or a posterior communicating arte-
ry And finally the incomplete circle (type IV) have no flow patterns indicative of 
any communicating artery It is shown that distally to an ICA with a diameter 
reduction of 65 % or more a significant drop in VMR can be established if the col-
lateral circulation via the circle of Willis is ineffective (partial or incomplete cir-
cle) Moreover, in a retrospective study the reduction of the VMR is associated 
with an increased incidence of persistent neurological deficits Although prospec-
tive studies are needed to confirm the clinical value of the VMR, the conclusion is 
possible that the VMR may be an useful guide in selecting hacmodynamically 
threatened patients who need vascular reconstructive surgery 
Chapter 10 describes the haemodynamical significance of reversed and/or enhan-
ced blood flow velocities in the pen-orbital vessels, basilar artery and anterior 
communicating artery. The reduction in VMR in patients with occlusive vascular 
disease can be predicted by a reversed pen-orbital blood flow or an abnormal high 
mean blood flow velocity in the basilar artery (> 50 cm/sec) and/or peak systolic 
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blood flow velocity in the anterior communicating artery (> 140 cm/sec) It is 
suggested that the abnormal high blood flow velocities are the result of the relati-
vely narrow vessel diameter of the arteries under study in combination with a 
reduction of the peripheral cerebral resistance It is concluded that functional eva-
luation of the cerebral circulation may give a good indication of the effect of col-
lateral blood supply 
In chapter 11 the relationship between the cerebral perfusion pressure and the 
CO2 induced VMR in patients with occlusive vascular disease is described The 
CPP is indirectly assessed with ocular pneumoplethysmography, according to 
Gee (OPG-Gee) The OPG-Gee indices are assumed to reflect the pressure at the 
level of the circle of Willis. The VMR in the physiological range is not dependent 
on the systemic blood pressure in the case of a patent cercbropetal arterial system 
If, due to occlusions in the cerebropctal vessels and an ineffective collateral circu-
lation, the CPP significantly decreases, a reduced or abolished VMR is observed 
However, a normal VMR in the MCA ipsilaterally to an occluded ICA is as well 
associated with a decreased CPP The latter finding can be explained by a down-
ward shift of the limits of the cerebral autoregulation. This observation might 
have clinical value since estimation of an abolished VMR in combination with a 
low perfusion pressure in a patient with a tight ICA stenosis, might predict the 
risk for a so-called "hyperperfusion breakthrough" syndrome This syndrome 
can be observed after carotid endarterectomy of a severely stenosed ICA and is a 
postoperative hyperaemic cerebral circulation possibly due to a defective or 
exhausted cerebral autoregulation. 
In chapter 12 the value of TCD in the evaluation of cerebrovascular disease is dis-
cussed Strokes are related to embolic and/or haemodynamical events The impor-
tance of TCD is that it can quantify the haemodynamical part of this disease It is, 
therefore, an important tool in the study of the pathophysiological mechanisms 
leading to stroke. Moreover, these studies are promising as a rational clinical 
selection mechanism for patients who are at risk for haemodynamically related 
cerebral events. Recommendations for future studies are delineated including a 
study of the value of the VMR to predict future strokes and a study of the in-
cidence and morbidity of the "hyperperfusion breakthrough" syndrome after 
carotid endarterectomy 
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Samenvatting 
In dit proefschrift wordt de waarde van het transcranieel Doppler-onderzoek 
(TCD) getoetst aan de hand van een vijftal studies die betrekking hebben op de 
hersencirculatie. De hersendoorbloeding wordt bestudeerd bij patiënten met ern-
stige atherosclerotische vaatvernauwingen in het arteriële systeem dat de hersenen 
van bloed voorziet. 
De hersencirculatie is niet onmiddellijk bedreigd indien er een ernstige vernau-
wing in een van de halsvaten ontstaat. Er zijn drie compensatiemechanismen, die 
min of meer na elkaar in werking treden, om de bloeddoorstroming te waarbor-
gen. Allereerst kan het bloed via andere vaten naar de hersenen gevoerd worden 
(collaterale circulatie). De belangrijkste collateraal is de cirkel van Willis. Indien 
de cirkel van Willis niet volledig (z.g. compleet) is aangelegd zal de cerebrale 
bloeddruk dalen. Nu wordt het tweede compensatiemechanisme ingeschakeld: de 
cerebrale autoregulatie. Deze zorgt ervoor dat de bloeddoorstroming gewaar-
borgd blijft doordat op cerebraal niveau een precapillaire vaatverwijding optreedt. 
Hierdoor ontstaat als het ware een verlaagde druk in het cerebrale vaatbed, waar-
door ondanks de vernauwing in het aanvoerend halsvat, de bloed toevoer gewaar-
borgd blijft. Als alle cerebrale precapillairen maximaal verwijd zijn, is dit mecha-
nisme op zijn maximale capaciteit. Als derde en laatste compensatiemechanisme 
kunnen de hersenen uit het aangeboden bloed meer zuurstof onttrekken. Indien 
deze zuurstof onttrekking maximaal is, ontstaat een functiestoornis van het her-
senweefsel. Als de zuurstof extractie maximaal is, zijn de hersenen extreem gevoe-
lig voor een verdere daling van de cerebrale perfusie. Dit laatste kan zowel gebeu-
ren door bloedstolsels die in het cerebrale vaatbed vastlopen (embolische oorzaak) 
of door een circulatiestoornis (haemodynamische oorzaak). Circulatiestoornissen 
kunnen ontstaan ten gevolge van een toename van de vernauwing in de halsslaga-
ders en/of het kortdurend wegvallen van de hartslag. 
In het eerste deel van dit proefschrift wordt een globale uiteenzetting gegeven van 
de anatomie van de collaterale circulatie naar de hersenen (hoofdstuk 1), van de 
haemodynamische aspecten van het slagaderlijke systeem (hoofdstuk 2), van de 
kennis over de cerebrale autoregulatie (hoofdstuk 3), de oorzaken, de gevolgen en 
de diagnostiek van de athérosclérose van de hals- en hersenvaten (hoofdstuk 4) en 
het onderzoek van de hersencirculatie met TCD (hoofdstuk 5). Met TCD kunnen 
de stroomsnelheden in de grote hersenvaten gemeten worden door middel van 
ultrageluid. Met behulp van deze techniek kan onderzocht worden of de cirkel 
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van Willis compleet of incompleet is. Voorts kan de capaciteit van de cerebrale 
autoregulatie worden getest. Dit gebeurt door de stroomsnelheid in een belang-
rijke cerebrale arterie (de arteria cerebri media) te meten in rust en gedurende een 
provokatietest waarbij de precapillairen verwijd worden. Als vaatverwijder wordt 
koolzuurgas gebruikt. Indien dit gas ingeademd wordt kan, onder normale condi-
ties, een toename in stroomsnelheid worden waargenomen. De relatieve toename 
in stroomsnelheid kan afgezet worden tegen de toename van het koolzuurgas. Het 
quotient van deze twee, ook wel de vasomotore reactiviteit genoemd, is een maat 
voor de cerebrale autoregulatie. Uit de literatuur blijkt dat de VMR bij patiënten 
met ernstige vaatvernauwingen in de halsvaten sterk verlaagd of zelfs nul kan zijn. 
Dit wordt verklaard doordat de cerebrale autoregulatie zijn maximale capaciteit 
benut heeft. Er bestaat in dat geval een maximale precapillaire vaatverwijding 
zodat het koolzuurgas geen verdere verwijding meer bewerkstelligt. 
In hoofstuk 6 wordt de studie opzet uiteengezet en de gevolgde methoden van 
onderzoek aangegeven. Puntsgewijs worden zes vraagstellingen uitgewerkt met 
betrekking tot de waarde van de VMR bepaling met behulp van TCD en kool-
zuurgas inhalatie, die in de eropvolgende hoofdstukken worden bediscussieerd. 
In hoofdstuk 7 wordt de VMR getest bij 20 gezonde jonge vrijwilligers: 10 man-
nen en 10 vrouwen. Het blijkt dat de stroomsnelheid in de ACM bij vrouwen 
hoger is dan bij mannen. Mogelijke verklaringen hiervoor zijn de kleinere vaatdia-
meter van de ACM en een lagere viscositeit van het bloed bij vrouwen. De VMR 
wordt door dit sexeverschil in stroomsnelheid niet beïnvloed, omdat de relatieve 
toename in stroomsnelheid voor beide geslachten gelijk is. De VMR is in de linker 
en rechter ACM gelijk. Het intra- en interindividuele verschil in VMR varieert 
rond de 40 %. Deze matige reproduceerbaarheid van de VMR worden toege-
schreven aan de grote fysiologische variaties in stroomsnelhedcn onder normo- en 
hypercapnische condities. Het grote intra- en interindividuele verschil lijkt niet 
een gevolg van de meetmethodiek. 
De gemiddelde VMR bij deze vrijwilligers is 25.0 %/vol.% (SD 9.2) hetgeen 
inhoudt dat een VMR van 7 %/vol.% of lager (twee standaard deviaties beneden 
de gemiddelde VMR) als afwijkend beschouwd kan worden. 
In hoofdstuk 8 wordt de leeftijdsafhankelijkheid van de VMR en de invloed van 
athérosclérose op de VMR bij mannen bestudeerd. Bij oudere leeftijd is er een 
afname in stroomsnelheid in de ACM. Verklaringen hiervoor zijn onder andere 
het toenemen van de vaatdiameter en een afname van de hersendoorbloeding op 
oudere leeftijd. Dit laatste houdt verband me.t het afnemende hersenmetabolisme. 
In dit hoofdstuk wordt nog een andere verklaring geopperd: de daling van de 
koolzuurgasspanning op oudere leeftijd. Er bestaat een direct verband tussen de 
precapillaire vaatdiameter en de koolzuurgasspanning in het bloed. Een lage kool-
zuurgasspanning geeft een precapillaire vaatvernauwing en zou dientengevolge 
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een afname van de stroomsnelheid in de ACM kunnen geven. Hierbij moet echter 
worden aangetekend dat het in principe mogelijk zou kunnen zijn, dat de vaatto-
nus van de cerebrale precapillairen aangepast wordt bij een langer bestaande lage 
koolzuurgasspanning. In dat geval zou bij een lagere koolzuurgasspanning toch 
een normale precapillaire vaatdiameter blijven bestaan. 
Door de afname van de stroomsnelheid in de ACM wordt een geringe toename 
van de VMR op oudere leeftijd gevonden. Indien echter de stroomsnelheid voor 
de koolzuurgasspanning gecorrigeerd wordt, verdwijnt de leeftijdsafhankelijk-
heid. Door een groep gezonde ouderen te vergelijken met een groep patiënten van 
nagenoeg dezelfde leeftijd is de invloed van athérosclérose op de VMR bestu-
deerd. Deze patiënten werden twee groepen onderverdeeld: een groep met een 
eenzijdige afgesloten arteria carotis interna en een groep met een niet-vernauwde 
arteria carotis interna. Het blijkt dat de VMR bij gezonden niet verschilt van de 
VMR bij patiënten, mits gemeten aan de zijde met een niet-vernauwde arteria 
carotis interna. Dit betekent dat athérosclérose, indien er geen belangrijke vernau-
wingen in de halsvaten zijn, geen invloed heeft op de VMR. 
In hoofdstuk 9 wordt de relatie tussen de ernst van de diameterreductie in de hals-
vaten en de cerebrale VMR bestudeerd bij 86 patiënten met een een- of dubbelzij-
dige afsluiting van de arteria carotis interna. Tevens wordt onderzocht of een 
complete of incomplete cirkel van Willis hierop invloed heeft. Met behulp van 
TCD worden vier cirkels onderscheiden op grond van het al dan niet aanwezig 
zijn van bloedstroompatronen die wijzen op een voorste en/of een achterste arte-
ria communicans. Het blijkt dat, indien de vernauwing in de arteria carotis interna 
65 % of meer is, de VMR kan dalen. Deze daling ontstaat bij die patiënten die 
slechts een of in het geheel geen aanwijzing hebben voor een arteria communicans 
anterior of posterior. Met TCD kan dus het haemodynamisch effect van een ver-
nauwing in een aanvoerend halsvat op de cerebrale circulatie beoordeeld worden. 
In een aanvullende klinische studie worden aanwijzingen gevonden dat patiënten, 
die een afwezige cirkel van Willis en een lage VMR hebben, meer cerebrale infarc-
ten hebben doorgemaakt dan patiënten met een complete cirkel en een normale 
VMR. Aangezien deze studie slechts retrospectief is, zal prospectief bewezen die-
nen te worden of patiënten met een verlaagde VMR ook een verhoogd risico lopen 
op een herseninfarct. Indien prospectieve studies zouden aantonen dat de zojuist 
genoemde stelling geldigheid heeft, dan zou dit betekenen dat de bepaling van de 
VMR meegewogen zou kunnen worden in de beslissing om patiënten met een 
ernstige vernauwing van de halsvaten wel of niet te opereren. 
In hoofdstuk 10 wordt dezelfde patiëntengroep bestudeerd als in hoofdstuk 9. 
Beschreven wordt de relatie tussen de hoogte van de gevonden stroomsnelheid en 
stroomrichting in drie belangrijke collateralen en de vasomotore reactiviteit. Het 
collaterale netwerk dat bloed transporteert via in de oogkas gelocaliseerde arterien 
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kan opgespoord worden door het bepalen van de stroomrichting in deze zoge-
naamde peri-orbitale vaten. Een omgekeerde stroomrichting in het peri-orbitale 
netwerk is geassocieerd met een lage VMR. Dit betekent dat deze stroomomke-
ring een belangrijk haemodynamische parameter is om het effect van halsvatver-
nauwingen op de hersencirculatie te beoordelen. Tevens betekent het dat de circu-
latie via dit collateraal netwerk blijkbaar niet kan voorkomen dat de VMR daalt, 
c.q. de cerebrale haemodynamiek bedreigd wordt. Andere aanwijzingen voor een 
lage VMR zijn sterk verhoogde stroomsnelheden in de voorste boog van de cirkel 
van Willis en/of in de arteria basilaris. Verklaringen hiervoor zijn onder andere de 
relatief nauwe vaatdiameters van deze collateralen in vergelijk met de aangeboden 
hoeveelheden te transporteren bloed en de verlaagde cerebrale perifere weerstand, 
waardoor er relatief een groot drukverschil over het collaterale netwerk ontstaat. 
Hoofdstuk 11 wordt de relatie tussen de cerebrale perfusiedruk en de VMR bij 
patiënten met een eenzijdige afsluiting van de arteria carotis interna beschreven. 
Op grond van de bovengenoemde inleiding mag verwacht worden dat bij een lage 
VMR de CPP ook laag is en omgekeerd. De CPP wordt indirekt gemeten door 
een techniek waarbij onbloedig de arteriële bloeddruk in het oog wordt bepaald. 
Deze techniek is beschreven door Gee en wordt in de Angelsaksische literatuur 
ophthalmopneumoplethysmographie (OPG-Gee) genoemd. In deze studie wordt 
inderdaad bij een verlaagde VMR een lage CPP gevonden. Fxhter, een deel van de 
patiënten met een normale VMR vertoont aan de zijde met de afgesloten arteria 
carotis eveneens een lage CPP. Als hypothese zou gesteld kunnen worden dat de 
cerebrale autoregulatie, in geval van een langdurig verlaagde cerebrale bloeddruk, 
de grenzen waarbinnen deze regulatie plaatsvindt kan afstellen. Als de grenzen 
van de regulatie naar beneden worden afgesteld, is het voorstelbaar dat bij een 
lagere CPP toch een normale VMR gevonden kan worden. Deze hypothese zou 
tevens kunnen verklaren waarom patiënten met een zeer ernstige vernauwing in 
de halsvaten een verhoogd risico lopen op postoperatieve cerebrale complicaties 
na een carotis desobstructie. Bij deze patiënten bestaat er een "te laag" afgestelde 
cerebrale autoregulatie waardoor er na het opheffen van de vernauwing een te 
grote hersendoorbloeding ontstaat met als gevolg een cerebrale beschadiging. De 
bepaling van de VMR bij deze patiënten zou dus belangrijke klinische consequen-
ties kunnen hebben. 
In hoofdstuk 12 wordt een overzicht geven van de plaats van het TCD-onderzoek 
bij de evaluatie van patiënten met athérosclérose. Deze patiënten krijgen hersenin-
farcten door embolische en/of haemodynamische stoornissen. Er wordt gecon-
cludeerd dat de waarde van het TCD-onderzoek ligt in het feit dat hiermee de 
cerebrale haemodynamische gevolgen van atherosclerotische vaatveranderingen 
gekwantificeerd kunnen worden. Het proefschrift toont aan dat TCD-onderzoek 
belangrijke pathofysiologische mechanismen kan opsporen, welke klinische bete-
kenis kunnen hebben. Voor verder onderzoek wordt geadviseerd na te gaan of een 
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VMR-bepaling bij patiënten met atherosclerotisch vernauwde halsvaten een voor-
spellende waarde heeft ten aanzien van het ontstaan van een nieuw herseninfarct. 
Tevens wordt aangegeven het beloop van de circulatiestoornissen na carotis des-
obstructies gedurende de eerste postoperatieve dagen met TCD te onderzoeken. 
Dit onderzoek zou belangrijke gegevens kunnen opleveren met betrekking tot de 
morbiditeit en mortaliteit van de z.g. postoperatieve cerebrale hyperperfusie syn-
dromen. 
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Abstracts of TCD presentations 
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Nawoord 
In dit nawoord staat erkentelijkheid centraal jegens degenen die het proefschrift 
mogelijk gemaakt hebben. Allereerst dank voor het thuisfront want promoveren 
is een weinig sociale bezigheid. Pauline jij hebt me zeer gesteund gedurende deze 
periode en deze steun vond ik ook bij mijn ouders, broer en zusters. 
De promotieregeling van de Katholieke Universiteit te Nijmegen staat gelukkig 
sedert kort toe de promotor en de co-promotores te bedanken voor hun inspire-
rende ideeën en gedreven begeleiding. Rob Ackerstaff introduceerde in het Sint 
Antonius Ziekenhuis het transcranieel Doppleronderzoek in combinatie met een 
hypercapnietest. Hij zag het belang van deze toepassing bij het in kaart brengen 
van de cerebrale hemodynamische veranderingen t.g.v. atherosclerotisch vaatlij-
den. In dit proefschrift wordt deze visie uitgewerkt. Dit werd begeleid door Dick 
Stegeman, die met zijn wiskundige achtergrond, aangaf op welke wijze de gevon-
den meetresultaten gepresenteerd en geïnterpreteerd konden worden. Prof. Dr. 
B.P.M. Schulte ben ik erkentelijk voor de nauwgezette begeleiding en steun welke 
ik ondervonden heb gedurende het schrijven van dit proefschrift. 
Mijn dank gaat voorts uit naar de proefpersonen en patiënten die in het kader van 
deze studies onderzocht zijn. De laboranten Marian van de Windt en Hans Hoe-
neveld hebben met veel zorg deze personen onderzocht. Dank aan Jaap van 
Doorn en Jacqueline Bakker-De Graaf, hoofdlaboranten van de vaatlaboratoria 
waar respectievelijk de TCD's en OPG's verricht werden. 
De eerste hypercapnietesten, ter bepaling van de reactiviteit van de hersenvaten, 
werden uitgevoerd door Jan Pieter ter Bruggen. Later werkten aan deze studies 
mee: Jack ten Hoher, Wietze ter Spill en Cees Zwanikken, allen collega neurolo-
gen. Twee studenten werkten mee aan dit project: Chris van Groeningen en Eric 
Scholten. Chris heeft essentieel bijgedragen aan de studie en discussie betreffende 
de reproduceerbaarheid van de cerebrale vasomotore reactiviteit. De data werden 
verwerkt op de dienst informatie verwerking van het St.Antonius Ziekenhuis 
(hoofd: Ir. C A . Distelbrink) en op de werkeenheid Klinische Neurofysiologie 
(hoofd: Prof. Dr. S.L.H. Notermans) van het Instituut voor Neurologie aan de 
Katholieke Universiteit Nijmegen. Mijn dank gaat uit naar hun medewerkers, 
speciaal. Jan Hengeveld, Ing. Jan Moleman, Raf van Staden, Edwin van den 
Oudenalder en Johan de Kok. 
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De verschillende deelaspecten van de studies werden becommentarieerd door vele 
collega's in binnen- en buitenland. Mijn dank gaat met name uit naar Prof.Dr. D. 
Baker (U.S.A.), Dr. B.C. Eikelboom (Nieuwegein), Dr. H. Folgering (Nijme-
gen), Prof.Dr. B. Hillen (Utrecht), Dr.Ir. A. Hoeks (Maastricht), Prof.Dr. N.A. 
Lassen (Kopenhagen), Dr. F. Strik (Oldenzaal) en Dr. T.S. Padayachee (Londen). 
Dank voorts aan Anita Ultzen, Dinie During, Judy Hammacher-Pitt en Nico 
Dijkstra voor respectievelijk de secretariële ondersteuning, de correctie van de 
lijst met referenties, het corrigeren van de engelse tekst en de illustraties. Bij deze 
wil ik van de gelegenheid gebruik maken om mijn opleider Dr. A.A.W. Op de 
Coul te bedanken voor mijn vorming tot neuroloog. Tenslotte wil ik noemen de 
afdeling neuro-intensieve zorg van het St. Radboud Ziekenhuis waar ik de laatste 
twee jaar met zo veel plezier gewerkt heb en voor de vele vruchtbare pathofysio-
logische discussies met de intensivisten Fon Van den Dries en Eric Westermann. 
138 


Curriculum Vitae 
De auteur van dit proefschrift werd geboren op 21 september 1953 te Roermond. 
Na het behalen van het diploma Hogere Burger School В aan het Lyceum Augus-
tinianum te Eindhoven in 1971 werd in hetzelfde jaar aangevangen met de studie 
geneeskunde aan de Katholieke Universiteit te Nijmegen. Het artsexamen werd 
behaald in 1979. Vanaf 1980 tot medio 1985 was hij werkzaam in het St. Elisabeth 
en Maria Ziekenhuis te Tilburg op de afdelingen neurochirurgie, neurologie en 
algemene chirurgie. Vanaf 1984 was hij te Tilburg in opleiding tot neuroloog (Op­
leider: Dr. A.A.W. Op de Coul). Het assistentschap psychiatrie werd voltooid in 
het Psychiatrisch Ziekenhuis Coudewater te Rosmalen (Opleider: Drs. G.A.S. 
Koster van Groos), de aantekening klinische neurofysiologie werd verkregen in 
het St. Antonius Ziekenhuis te Nieuwegein (Opleider: Dr. R.G.A. Ackerstaff). 
Gedurende zijn opleiding heeft hij in 1983 gedurende 3 maanden een stage neuro-
radiologie gevolgd aan de University of California te San Franscisco (Hoofd: 
Prof.Dr.Th. Newton). In 1986 was hij voor 4 maanden werkzaam in het National 
Hospital for Nervous Diseases, Queen Square te Londen. 
Sinds 1988 is hij werkzaam op de afdeling voor neuro-intensieve zorg aan het St. 
Radboud Ziekenhuis te Nijmegen (Hoofden: Dr. J.S.F. Gimbrère, Prof.Dr. E. 
Meijer, Prof.Dr. B.P.M. Schulte). 
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